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ABSTRACT
The tendency of block copolymers (BCP's) to microphase separate at the molecular level,
producing a wide array of ordered nanostructures, is of particular interest from an engineering
standpoint due to the unique mechanical, optical or electrical properties that ensue. Upon
considering the potential applications of these materials, however, one limitation arises from the
lack of control over bulk thermodynamics and the appearance of order/disorder (solid-like/liquid-
like) transitions in these materials. To address this problem, this thesis aims to, firstly, develop a
more quantifiable understanding of the molecular factors governing BCP phase behavior, and,
secondly, use that knowledge to molecularly engineer new BCP's with enhanced processibility.
While most BCP's microphase separate upon cooling through an upper disorder-to-order
transition (UDOT), polystyrene-block-poly n-butyl methacrylate, PS-b-PBMA, undergoes
ordering upon heating through a lower disorder-to-order transition (LDOT). Preliminary studies
on this material revealed a unique pressure sensitivity of this ordering transition. By applying
pressure, this material could be forced into the segmentally mixed liquid state, implying
"baroplasticity", a highly attractive property from a processing standpoint. To better understand
the molecular origin of this behavior, the bulk thermodynamics of a family of BCPs formed from
styrene and a homologous series of n-alkyl methacrylates (PS-b-PnAMA, n ranging from 1 to 12)
was investigated, both as a function of pressure and temperature. The results of this study reveal
an unexpected, though systematic, dependence of the phase behavior of these BCP's on monomer
architecture. In short, over a certain range of alkyl side chain length, PS-b-PnAMA block
copolymers are marginally compatible and exhibit unexpectedly large pressure coefficients for
the ordering transition, ranging from 60 to 150'C/kbar.
In an attempt to identify molecular parameters responsible for these thermodynamic
trends, as well as those displayed by other systems reported in the literature, combined group
contribution/lattice fluid model calculations of the cohesive properties of the corresponding
homopolymers are performed. Based on this analysis, the homopolymer mass density is
proposed as a macroscopic parameter that appears to govern phase behavior in weakly interacting
block copolymers or polymer blends. Using this new criterion, a simple tool for the molecular
design of phase behavior into weakly interacting BCP's is identified, which is successfully used to
engineer "baroplastic" behavior into several new systems of commercial relevance, including
elastomers and adhesives based on styrene and low Tg acrylates.
In light of the improved understanding of BCP phase behavior emerging from these
studies, a simple phenomenological free energy expression is proposed for compressible polymer
mixtures, that can be extended to block copolymers. Its ability to predict qualitative phase
diagrams for the systems investigated in this thesis as well as many other polymer pairs is
demonstrated. Using this expression, basic principles regarding polymer thermodynamics are
outlined.
Thesis Supervisor: Anne M. Mayes
Title: Associate Professor of Polymer Physics
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CHAPTER I: BACKGROUND AND MOTIVATION
1.1. INTRODUCTION TO BLOCK COPOLYMERS (BCP's)
Block copolymers are macromolecules comprised of two or more chemically
distinct polymers covalently bonded together. Depending on the degree of
thermodynamic compatibility between the different blocks, such copolymers can either
be segmentally mixed or microphase separated into microdomains consisting of the
different block segments, with the covalent junctions residing at the interface. Indeed,
while incompatible homopolymer mixtures phase separate macroscopically, the covalent
junction between the polymer components in block copolymers forces the phase
separation to occur on a size scale on the order of the radius of gyration Rg of the
molecule, i.e. ~ 10-100 nm.1 " This tendency of block copolymers to microphase separate
or self-assemble at the molecular level, producing a wide array of highly ordered
nanostructures, is of particular interest from an engineering standpoint due to the unique
mechanical, optical or electrical properties that ensue.5 The most commonly encountered
morphologies in A-B diblock and A-B-A triblock copolymers are illustrated in Figure 1.1.
The particular morphology formed upon self-assembly is dictated under equilibrium
conditions by three parameters: the copolymer molecular weight, the composition and the
degree of thermodynamic compatibility between the two segment types, the latter being
quantitatively represented by the interaction parameter XAB.3
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Figure 1.1: A-B diblock and A-B-A triblock copolymer morphologies
Thermodynamically, self-assembly into one of the ordered morphologies shown
in Figure I.1 results from the fact that, in block copolymers, the incompatibility between
segments A and B driving phase separation is counterbalanced by entropic forces arising
from the covalent link between the two blocks. Indeed, to keep the two blocks of a
diblock copolymer away from each other and, therefore, minimize the unfavorable
contacts between the two incompatible segment types, copolymer chains must adopt an
extended configuration compared to their equilibrium (unperturbed) random coil
dimensions. This stretching of the copolymer chains upon microphase separation is
limited by the entropic frustration that ensues. Therefore, the particular morphology
formed upon self-assembly and its equilibrium period D are dictated by a competition
between two free-energy contributions: the enthalpic interaction energy and the entropic
6(elastic) restoring force.
Microphase separation in block copolymers has dramatic effects on their
viscoelastic properties. Indeed, the localization of polymer chains in ordered
microdomains of each segment type with the chemical junctions residing at the interface
4,7
strongly restricts flow compared to segmentally mixed systems or pure homopolymers.
This distinct feature of block copolymers has lead to their widespread use as
thermoplastic elastomers8 and pressure sensitive adhesives', and holds promise for the
development of new solid polymer electrolytes.'0 Moreover, self-assembly of block
copolymers into spatially ordered microdomains provides new avenues for the
1-617-1'9 20development of nanotechnologies,'~" optically active materials and biomaterials.
Finally, the recent development of more versatile and industrially amenable synthetic
routes for the preparation of block copolymers has now unveiled new opportunities for
optimizing the resulting properties of these molecules via a judicious choice of both
chemistry and molecular architecture.
Upon considering the potential applications of block copolymers, one limitation
arises, however, from the lack of control over bulk thermodynamics and, more
particularly, the temperature of order/disorder transitions in these materials. From an
applications standpoint, the strong thermodynamic incompatibility typically found for
block copolymers is highly advantageous, as it results in remarkably stable solid-like
microphase separated morphologies. However, for melt processing where flow is
essential, the ability to access the segmentally mixed liquid state is clearly desirable.'8
Therefore, being able to fine tune the degree of thermodynamic compatibility between
the various blocks of a block copolymer would not only lead to better control over the
particular morphologies that are formed upon self-assembly, but also improve the
processibility of these materials. In an attempt to address this need, and perhaps design
new block copolymers with tunable levels of interactions, this thesis focused on
understanding the structure/property relationship between monomer architecture and
phase behavior of weakly interacting block copolymer melts.
Since they are central themes to the present thesis, the phase behavior and
thermodynamic compatibility of diblock copolymers as a function of temperature and
pressure are reviewed in the next three sections. The two types of ordering transitions
most commonly encountered in diblock copolymers, namely the upper disorder-to-order
and lower disorder-to-order transitions, denoted UDOT and LDOT , are presented in
section 1.2 and 1.3 respectively, along with some of the existing theories aimed at
reproducing and/or predicting these phase behaviors. The effect of pressure on these two
types of transitions is discussed separately in section 1.4. Finally, section 1.5 presents the
main premise of this thesis, namely, that block copolymer phase behavior and resulting
rheological properties can be controlled via architectural modifications of the block
segments. The approach that was chosen to demonstrate this postulate is briefly
presented.
1.2. UPPER DIsORDER-TO-ORDER TRANSITION (UDOT)
1.2.1. UDOT-type phase diagram
It is well known that most pairs of dissimilar high molecular weight polymers are
immiscible. This results from the very limited role played by combinatorial entropy in
macromolecular systems, which, combined with the mostly weak dispersive nature of
intermolecular interactions in organic materials, typically leads to strong thermodynamic
incompatibility. Hence, in most instances, the segmentally mixed (disordered) state of a
block copolymer (phase mixed state of a polymer blend) is only observed for very low
molecular weights at high enough temperatures such that the entropy gain upon mixing
outweighs the unfavorable enthalpic interactions between the two components. In
practice, however, segmental mixing is preferably achieved by the addition of a common
solvent such that the unfavorable enthalpic interactions are sufficiently weakened.
The temperature above which two incompatible homopolymers are phase mixed
is referred to as the upper critical solution transition (UCST).2 ' The analogous
thermodynamic transition in block copolymers consisting of two incompatible blocks is
called the upper disorder-to-order transition, denoted UDOT. Figure 1.2 gives a
schematic representation of the UDOT-type phase diagram. Model UDOT-type systems
which have been extensively studied experimentally include: polystyrene-block-
polyisoprene (PS-b-PI) 4,26-2, polyethylene-block-polyethylethylene (PE-b-PEE) and other
polyolefin based block copolymers29-31 and polystyrene-block-poly methyl methacrylate
(PS-b-PMMA) 2-31. Typical UDOT temperatures for 50/50 (symmetric) block copolymers
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of these systems are summarized in Table 1.1. As can be seen, this transition lies within
an experimentally accessible temperature range only for very low molecular weights. For
larger molecular weights of commercial relevance (50 to 100,000 g/mol), the UDOT lies
above the degradation temperature of the copolymer, and segmental mixing can only be
achieved by the addition of a common solvent.
TABLE 1. 1: TRANSITION TEMPERATURES OF UDOT BCP's
A-B Mn wt% A TUDOr
Copolymer (103 g/mol)
PS-b-PI 18 50 12027
14 40 7026
PE-b-PEE 27.5 50 136 3
PS-b-PMMA 29.7 50 1573
T +UDOT
ordered
Figure I.2: UDOT-type Phase Diagram
1.2.2. Thermodynamic treatments of the UDOT
I.2.2.a. The Flory-Huggins incompressible regular solution model.
The thermodynamics of the upper critical transition in polymer blends (UCST)
was first analyzed independently by Flory and Huggins" who developed, within a rigid
lattice framework, the following regular solution model for the molar free energy of
mixing two chemically distinct homopolymers A and B (per mole of lattice sites):
AGIRT = ( n1+ 1B B ABFH
NA NB
where #i is the volume fraction and Ni the number of lattice sites of fixed size occupied
by molecules i and /H is the so-called Flory-Huggins interaction parameter. The first
two terms represent the entropy of mixing species A and B on the same lattice, while the
last term represents the usually unfavorable enthalpic contribution. /H is related to the
excess exchange interaction energy Ae according to equation 1.2:
X FH Z [AB 1 /AA +6sB IRT = zAE/RT (1.2)
1 2_
where z is the lattice coordination number and sij is the molar attractive (-) nearest
neighbor van der Waals interaction energy between segments i and j (J/mol). The Flory-
Huggins theory is a mean field formalism that assumes the system to be incompressible
and hence ignores non-zero changes in volume upon mixing. It further assumes that the
same lattice can be used to describe the configurations of both the pure components and
the mixture, which requires that the geometry of the two molecular species be virtually
identical. Finally, it defines X as being inversely proportional to temperature and
independent of composition, molecular weight, chain architecture and pressure.
From the free energy expression given in equation I. 1, the spinodal condition for
phase separation can be derived. For a binary mixture of homopolymers A and B, the
Flory-Huggins theory predicts that the system will phase separate at a critical value of the
product of X and the degree of polymerization, N, of XN = 2 when NA= NB = N. Leibler"
was the first to predict that a simple 50:50 diblock copolymer containing Net,=2N
monomer units, N of each type, has a larger critical ; value: (2N)~10.495 or XN=5.25.
Alternatively, one can approximate quite simply this critical value for the order/disorder
transition in a symmetric block copolymer by equating the free energy of the disordered
state to that of the ordered state:
Gdisordered = Gordered at the UDOT
In the disordered state where the A and B segments are intimately mixed, the free energy
per chain can be approximated by the A-B contact energy alone:
Gdisordered I kT ~ XfA fB N,1 , - N"'t (1.3)4
where Not, is the total number of segments or monomer units in the block copolymer
chain (2N) andfi is the fraction of each monomer type, which is 0.5 for a symmetric
diblock copolymer.
The free energy per chain in the ordered, lamellar phase for a symmetric block
copolymer is, on the other hand, given by the sum of an elastic (stretching) energy term
and an interaction term:
G IkT=G IkT+G IkT= 3  (D/2)2 +( ABordered el nt 2 (R 2 ) kT
where D is the equilibrium lamellar period, <R2>o is the unperturbed radius of gyration of
a gaussian coil, which is equal to Neta2 where a is the statistical length of a segment,
yABIkT is the interfacial tension between the two blocks (in units of kT) and E is the
interfacial area per chain between A and B microdomains. The first term on the right
hand side of equation 1.4 represents the entropic cost for stretching the copolymer blocks
away from their junction points upon the formation of the lamellar phase. This entropic
penalty leads to an elastic (Hookian) force which is proportional to the ratio of the
extended chain dimensions (equal to D/2) to the unperturbed coil dimensions <R2>0. The
second term of equation 1.4 represents the interaction free energy which, in the ordered
state, is confined to the narrow interfacial region between the A and B microdomains.
According to the classical theory of polymer interfaces'69, the interfacial tension yA
between two polymers can be related to the interaction parameter Xby the following
expression:
yAB / kT = (1.5)
while the volume filling constraint of the lamellar microdomains leads to the following
expression for 1:
Nt = ' 3  (1.6)
D/2
Upon inserting equation 1.5 and 1.6 into equation 1.4 and minimizing with respect to the
lamellar period D, one obtains the following expressions for the equilibrium lamellar
period and the free energy in the ordered (lamellar) state:
D ~~ 1.03a' 6N,, 3 (,.2)
and
Gordered ~1.19(xNt, )1/3 (1.8)
By equating this expression for the lamellar free energy to the free energy in the
disordered state (equation 1.3), an estimate of the location of the order/disorder transition
can be obtained, yielding zNtOt = 10.4, which is remarkably close to the value of 10.495
predicted by Leibler.
Since X is inversely proportional to temperature, this higher critical X value for
block copolymers implies that microphase separation in these systems is more difficult
than macrophase separation in the analogous homopolymer mixtures. Hence, chemically
joining two homopolymers of the same size to form a diblock copolymer reduces the
transition temperature by a factor of ~ 2.6. Following a similar type of reasoning, a yet
more favorable critical X value is obtained for A-B-A triblock copolymers.
Based on the considerations presented above, it appears that the phase behavior of
UDOT/UCST-type block copolymers or polymer blends is dictated by a single
parameter: X, or equivalently, CAB. Attempts have been made to predict X from
homopolymer properties, without requiring the fitting of any experimental data on the
phase behavior of a given polymer pair. This, however, necessitates an assumption
regarding the type of mixing rules that prevail in the segmentally mixed system. The
40
well-known Berthelot's mixing rule has been typically used. It is a regular solution
model that assumes eAB, the cross interaction energy, to be the geometric average of the
pure component interaction energies £AA and eBB:
(17)
8AB AA --8 BB (1.9)
Therefore, the sole knowledge of EAA and EBB is sufficient to predict the mixture
properties. These two parameters are in turn related to the experimental Hildebrand
solubility parameter 3, which is the square root of the cohesive energy density and has
units of (J/ 2 cm-3/ 2). According to the regular solution theory4, X is related to the
individual component solubility parameters through:
V(A (3-)2 (1.10)
RT
where v is the average segmental molar volume (VAVB)12 . The assumptions underlying
equations 1.1 and 1.10 are (1) no volume changes on mixing, (2) ideal entropy of mixing,
(3) weak forces of the induced dipole type (dispersive interactions), and (4) Berthelot's
rule for the cross interaction energy (equation 1.9). Such a formalism implies X is always
positive, and miscibility only occurs when the solubility parameters of the individual
components are of similar magnitude. The weakness of this treatment is twofold.
Firstly, because direct measurements of cohesive energies and solubility
parameters are intractable for macromolecules, S must be determined indirectly. This
explains the large disparity in experimental values of Sobtained by different authors.
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The use of group contribution methods, which evaluate homopolymer properties based
on the contribution of each chemical group present in the repeat unit, circumvents the
problem of experimental evaluation of S. The basic assumption of such calculations is
that the contribution of a given chemical group, such as a methyl (CH 3) group, is
independent of its chemical and structural environment. Several databases of group
contributions have been built, using PVT data for homopolymers or small molecule
El -
analogues. Different formalisms for the evaluation of 5 have been proposed by several
authors 42, some of whom include contributions not only from dispersive van der Waals
interactions, but also dipole/dipole and hydrogen bonding interactions. For example, Van
Krevelen proposed a three component cohesive energy density:
Although such calculations permit the evaluation of 5 for any given chemistry,
the second weakness of Berthelot's mixing rule still remains, namely that deviations from
a geometric average for the cross interaction energy have been reported for several
polymer mixtures and solutions.'I Such deviations result in what is referred to as
irregular mixing. Equation 1.9 has therefore been only moderately successful in
reproducing experimental data and accurately predicting phase behavior of new block
copolymers or homopolymer blends. Nevertheless, the solubility parameter approach has
been widely used as a rule of thumb when considering potentially miscible polymer pairs.
A small difference in the solubility parameters of two homopolymers has indeed been
41-41
shown to correlate with thermodynamic compatibility. Intuitively, if two polymers A
and B have solubility parameters of the same magnitude, it indicates that the degree of
cohesion and hence the strength of A-A and B-B segmental interactions are comparable.
In the absence of a strong specific interaction such as H-bonding between the two unlike
segments, this makes mixing of segments A and B more favorable than in the case where
CAA and 8 BB strongly differ.
L 2.2.b. The IRPA and effective X parameters.
Owing to the very limited success of equations 1.9 and 1.10 in accurately
predicting X values, different techniques that allow direct measurement of the phase
behavior of block copolymers and polymer blends have been investigated. Typically, X
has been extracted from small angle neutron scattering (SANS) experiments using the
incompressible random phase approximation (IRPA) initially developed by de Gennes 4
for polymer blends, and modified for block copolymers by Leibler. 9 Within the RPA
formalism, a relation can be established between the intensity scattered by a given
mixture or block copolymer, and the strength of thermodynamic fluctuations, which
imply the phase behavior of the system. The scattering function for diblock copolymers,
which will be described in chapter II along with the details of SANS, consists of the
scattering function for ideal noninteracting Gaussian diblock chains and an interaction
term which accounts for the interactions among different segment types. When the
Flory-Huggins model is used to express the interaction term, the IRPA is obtained. The
effective X values extracted as a function of temperature from SANS data using the IRPA
are typically fit to a linear form:
X=A+B/T (I.12)
where B is the purely enthalpic term related to A6, and the constant term A is given an
entropic origin.32,49,so
The effective X parameters extracted in this fashion from SANS data have been
shown to violate several assumptions of the incompressible mean-field Flory-Huggins
theory. Firstly, X values are often composition dependent and X for diblock copolymers
can differ from the value obtained for mixtures. Secondly, pressure has been shown to
affect thermodynamic compatibility of UDOT-type block copolymers and mixtures,
despite their limited compressibility. These effects will be presented in section 1.4.
Thirdly, and perhaps most importantly, expression 1.1 fails to predict phase separation
upon heating, which has been systematically observed for miscible or marginally
miscible polymer mixtures and diblock copolymers, and will be presented in the next
section. The wide body of experimental data on extracted X values thus points to some
serious shortcomings of the Flory-Huggins incrompressible mean-field free energy
expression. In fact, a systematic study of the effect of local structure on thermodynamic
compatibility in blends and block copolymers consisting entirely of polyolefins has
shown that, even for these very simple systems, the effective X parameter displays a
complex, and not necessarily predictable, dependence on the local structure of the
individual components.5 These experimental findings on polyolefins have lead to the
development of several on-lattice and off-lattice theories and numerical simulations
aimed at understanding the molecular factors controlling the phase behavior of polymer
blends and block copolymers. Lattice-based analytical treatments include the lattice
cluster theory (LCT), developed by Freed and coworkers, 62-6 which is a modification of
the Flory-Huggins free energy expression that accounts for compressibility and local
monomer structure. In the standard lattice model of block copolymers and mixtures, the
different monomer types are assumed to fit into the same lattice site, and hence, have
essentially the same volume. In the more generalized lattice model of the LCT, however,
monomers are allowed to have specified molecular structures that can cover several
neighboring lattice sites. Moreover, free volume and compressibility are accounted for
by the introduction of empty lattice sites. Earlier, Sanchez and Lacombe developed a free
energy expression for compressible multicomponent systems based on their Lattice-Fluid
equation of state. This treatment will be described in the next section, since special
emphasis was given by the authors to its ability to predict (micro)phase separation upon
67heating. Another analytical treatment was proposed by Fredrickson, Liu and Bates who
argued that local structure asymmetries result in an entropic frustration in the segmentally
mixed state. Using a field theory, these authors computed purely entropic corrections to
the Flory-Huggins theory for athermal (non-interacting) systems characterized by
structural asymmetry. On-lattice and off-lattice numerical calculations, on the other
68 69hand, include the Monte-Carlo simulations carried out by Yethiraj et al" and Mtiller , the
numerical studies of Curro" and Schweizer et al. , based on the polymer reference
interaction site model (PRISM) theory, and the molecular dynamics simulations of
Maranas et al.4'7' A common evidence emerging from all these treatments is that
structural asymmetry, which can arise from differences in monomer shape, size, degree
of side group branching or backbone persistence length (i.e. chain stiffness), strongly
influences local packing, thereby resulting in both enthalpic and entropic excess
contributions to the free energy of mixing. Deviations from regular mixing (equation 1.3-
1.4) favorable or unfavorable to miscibility will ensue, depending on whether the effect of
conformational and interaction asymmetries tend to reinforce or compensate each other.
However, it is important to note that such systematic studies of the dependence of X on
local monomer structure have been carried out only for polyolefin model systems. The
energetics of these systems are expected to be much simpler than for chemically distinct
homopolymers, where asymmetries in both bare interaction energies (sy 's) and local
structure (monomer size, chain stiffness etc.) are expected.
1.3. LOWER DISORDER-TO-ORDER TRANSITION (LDOT)
1.3.1. LDOT-type phase diagrams
Perhaps one of the most important shortcomings of the incompressible Flory-
Huggins theory is its inability to predict (micro)phase separation upon heating. Indeed,
in a departure from the classical UDOT behavior presented above, diblock copolymers of
styrene and n-butyl methacrylate, denoted here PS-b-PBMA, have been shown to be
miscible in some temperature range for intermediate molecular weights and undergo a
transition from the disordered to the ordered state upon heating.22 '76 This thermodynamic
transition, referred to as the lower disorder-to-order transition (LDOT), is analogous to
the lower critical solution transition (LCST) observed in most compatible polymer
mixtures 7 and solutions.44"' Figure 1.3 illustrates the LDOT-type phase diagram, as well
as the lens-shaped phase diagram resulting from the simultaneous appearance of a UDOT
and a LDOT. Very few systems, PS-b-PBMA being one, have been found to exhibit the
latter kind of phase behavior in an experimentally accessible temperature range. A
schematic representation of the phase diagram obtained experimentally for PS-b-PBMA
is given in Figure 1.4, along with the observed transition temperatures for 50/50
22,76(symmetric) compositions. 'Unfortunately, the UDOT region of this phase diagram is
difficult to investigate due to its proximity to the glass transition temperature Tg of the
copolymer.
LDOT T disordered
(a) (b)
Figure 1.3: LDOT (a) and lens-shaped (b) phase diagrams
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Figure I.4: Schematic phase diagram for PS-b-PBMA
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1.3.2. Thermodynamic treatments of the LDOT
A straightforward thermodynamic analysis of LDOT phase behavior shows that
both the enthalpy and the entropy changes upon ordering (demixing) of the block
segments at elevated temperatures must be positive. In other words, the LDOT, in
contrast to the enthalpically driven UDOT discussed above, results from an increase in
entropy, or an increase in the number of configurations available to the system, at high
temperatures in the ordered state compared to the disordered state." Empirically,
microphase separation upon heating is always accompanied by a positive change in
volume, which explains the systematic pressure dependence reported for this transition.
82 High pressures favor the denser segmentally mixed state, thereby raising the ordering
temperature. The effect of pressure on the LDOT, which will be presented in more detail
in section 1.4, has important implications from an engineering standpoint. Small angle
neutron scattering studies on PS-b-PBMA under hydrostatic pressure reveal that the
LDOT can increase by as much as 147'C per kbar.12 Pressure has an equally profound
effect on the rheological properties of this material, enhancing flow by forcing segmental
miscibility. From a processing viewpoint, such "baroplastic" behavior could offer
increased flexibility in controlling structure and properties, as both temperature and
pressure might equally be used to affect the thermodynamic state.
The compressible nature of systems that exhibit phase separation upon heating
has led to the development of several theoretical treatments aimed at predicting such
transitions and understanding their molecular origin. Typically, equation of state (EOS)
effects are incorporated into the classic free energy balance of two component systems to
account for compressibility and non-zero volume changes upon mixing. One popular
approach consists in treating a binary mixture of components A and B as a three
component system, the third component being holes, or free volume. The main
consequence of the introduction of holes into the system is that the free energy expression
now depends independently on the three interaction energies j's, which is in contrast to
the Flory-Huggins incompressible regular solution model, where the free energy only
depends on the excess thermodynamic quantity Ac (excess exchange interaction
energy). Such dependence on pure component interaction energies in compressible
formalisms results from the difference in energetic costs for breaking A-A, B-B and A-B
contacts upon the introduction of a vacancy. The knowledge of equation of state
properties of the individual components and the mixture is thus necessary and, in fact,
might be sufficient, to understand thermodynamic compatibility in compressible systems.
L3.2.a. Equation of state (EOS) theories
Several equations of state have been developed which express the equilibrium
density for homopolymers and mixtures at a given pressure and temperature." These
thermodynamic treatments have all shown that phase separation and ordering upon
heating in blends and block copolymers, respectively, can be related to dissimilarities in
the equation of state properties of the pure components. The first equation of state
presented for chain molecules was the general corresponding states theory of Prigogine
and collaborators." It is a cell model theory, assuming a hard sphere repulsive potential.
Flory et al. later presented a modified version of this theory, replacing the generalized
Lennard-Jones potential by a van der Waals type potential. Patterson derived a simpler
EOS theory which is formally identical to the Flory-Huggins theory, except that the
interaction parameter X also contains equation of state contributions. Sanchez and
Lacombe developed the lattice-fluid (LF) equation of state which is also formally
similar to the Flory-Huggins theory, except that a free-volume term is accounted for via
the introduction of vacant sites on the lattice. This equation of state is described in more
detail since it was used in this work to calculate PVT behavior for the corresponding
homopolymers of the diblock copolymers investigated.
As is the case for most equation of state theories, the LF theory requires the
knowledge of three equation of state parameters for each pure component. It is founded
on a lattice model description of the fluid and a mean-field (random mixing)
approximation is used to determine the number of configurations available to a system of
No vacant sites or holes and N molecules, each of which occupy r lattice sites. The
chemical potential of the mixture, p, is given by:
p = N* + F +5T{(1- )ln(1 +2In()} (1.13)
r
where P , T , and y are the reduced pressure, temperature, specific volume and
density defined as:
PP/P* (1.14)
T/T*, T* = g*/k = P*v*/k (1.15)
]=/p,' ya_ p/p* (1.16)
WW21WW== -
where k is the Boltzman's constant, and P, T and p are the system pressure, absolute
temperature and density, respectively. The parameters with an asterisk represent the
close-packed equation of state parameters of the pure component or mixture: C* is the
interaction per mer, v* is the close-packed mer volume, p * is the close-packed density
and P* the internal pressure related to the mer interaction energy by equation 1.15. The
knowledge of the three parameters P*, p * and T* is sufficient to fully describe a given
homopolymer. The equation of state is derived from the condition of minimal chemical
potential at equilibrium:
p +PT[ln( -,3)+(I -- )#]= 0 (I. 17.a)
r
In the long chain limit (large r), this expression can be simplified to:
y2 + P + T[ln(1- + = 0 (I. 17.b)
Solving for equation I. 17.a or b for a given pressure and temperature yields the
equilibrium density and fractional free volume of pure components or mixtures. Such
predictions of homopolymer densities have been shown to accurately reproduce
experimental PVT data."
Typically, the equation of state parameters P*, p * and T* are extracted from PVT
data using a least-squares fitting procedure over extended ranges of pressure and
temperature. Alternatively, Boudouris et al." recently reported a very attractive
procedure for evaluating these parameters using group contribution methods. Their
analysis uses a pre-established database of constant contributions to P*, p * and T* for
the most commonly encountered chemical groups in commercial polymers. This
combination of group contribution methods with an equation of state model offers the
highly valuable opportunity to predict PVT behavior for polymeric systems without
requiring any experimental data.
When equation 1.17 is used to model thermodynamic properties of
multicomponent systems, "combining" or "mixing rules" need to be adopted. Such rules,
though often quite arbitrary, are required in all statistical mechanical theories of mixtures
and relate the mixture parameters to those of the pure components. For example,
Sanchez and Lacombe propose the following mixing rules for P* and p* of polymer
mixtures:
- P* = (PI +B.B AOB '18.a)
with AP*= *±P*2P* (+ PB 8.b)
rPAB A
andM (I.18.c)
mA /P p +mB pB
- 1/p* =mA/ PA* +mB /PB* (I.18.d)
where #i is the close-packed volume fraction and mi the mass fraction of component i
andA*B =B AB /v*. The only unknown parameter of the LF model is the cross
interaction parameter P * or, equivalently, 8*
PAB' 'AB
I.3.2.b. Compressible random phase approximation (CRPA)
Different equations of state have been used in combination with the random phase
approximation (RPA) to extract intersegmental interaction energies eAB from SANS data
and predict phase diagrams for polymer blends'"' and diblock copolymers2,42 known to
exhibit the LCST/LDOT.
Immediately following the discovery of the LDOT in PS-b-PBMA, Yeung et al.2
presented a theoretical justification for this observation based on a combination of the LF
equation of state and the random phase approximation. They modeled the compressible
system by treating the free volume as small solvent molecules in an incompressible
polymer/solvent system and hence used a formalism identical to the theory of block
copolymer solutions. Upon doing so, they showed that the two main corrections to X
arising from the introduction of compressibility into the system are: (1) a dilution of the
effective interactions due to the presence of unoccupied sites and (2) an equation of state
term which is always positive and destabilizes the segmentally mixed state as temperature
increases. Although the authors did not present any quantitative comparison between
their predictions and experimental data on PS-b-PBMA, they qualitatively showed that
both UDOT and LDOT behaviors can be predicted by a compressible RPA formalism.
The relative positioning of the two transitions depends on the magnitude of the bare
interaction parameter X, the total molecular weight and the disparity in equation of state
parameters of the pure components.
Freed and coworkers" had previously developed a similar compressible RPA
formalism for blends and block copolymers and applied it to the styrene/vinyl methyl
ether system, another system known to phase separate upon heating.90,12 Shortly after the
publications of Freed and coworkers, Sanchez et al' developed another compressible
RPA formalism for polymer blends based on their LF equation of state and the
compressible RPA developed by Ackasu et al. for scattering from multicomponent
polymer blends.
Recently, Hino and Prausnitz reported a compressible RPA similar to that of
Yeung et al., except that they used a more recent continuous space (non-lattice based)
equation of state and further presented a rigorous comparison between theory and
experiments. The authors quantitatively applied their theory to PS-b-PBMA and
extracted a cross interaction energy CAB for this system by fitting their compressible RPA
to the reported experimental coexistence curves for both blends" and block
copolymers.22,76 They found a deviation from the regular (Berthelot's) mixing rule of KAB
=0.00782, namely:
CAB -K AB 8jAA 8 BB = 0.99218, 6 MA ABB (1.19)
For this particular value, they were able to quantitatively reproduce the phase behavior of
PS/PBMA blends and block copolymers and further predicted a strong pressure
coefficient of about 200'C/kbar for the LDOT of this system. However, the authors also
showed that, as is the case for all equation of state theories, the predicted phase diagram
is highly sensitive to the exact value of KAB used.
The weakness of the compressible theoretical treatments briefly presented here is
threefold. Firstly, they remain very involved, especially when applied to diblock
copolymers. Secondly, they rely heavily on the knowledge of an extremely sensitive
parameter, namely, cAB, which must be determined experimentally. So far, their use as a
simple predictive tool has therefore been at best very limited. Finally, although they have
helped in some way understanding the thermodynamics of entropically-driven phase
separation, a clear physical and quantitative understanding of the molecular-level factors
that govern the LDOT is still lacking.
L3.2.c. A tentative molecular explanation of the LDOT
Typically, systems exhibiting the LDOT/LCST have been categorized either as
those with strong specific interactions (e.g., hydrogen bonding, strong dipole/dipole or
electron donor/electron acceptor interactions), or more weakly interacting systems with
molecular packing differences (EOS effects). In both cases, it has been argued that the
denser nature of the disordered (phase mixed) state equates to a loss of molecular
configurations compared to the ordered (phase separated) state, which drives the
LDOT(LCST). For strongly interacting systems such as PMMA/PVDF ' and, to a
lesser extent, PS/PVME 96-10 2 and PS/poly(2,6-dimethyl phenylene oxide) (PS/PPO)'03 ''04
the loss of configurations is thought to arise from the preferred orientation of the
interacting chemical groups. For weakly interacting systems, on the other hand,
molecular packing differences (EOS effects) lead to differences in free volume of the
pure components that are reflected in their densities and thermal expansion coefficients.
These disparities result in an enthalpically favorable and entropically unfavorable
densification, or reduction in free volume, of the segmentally mixed state. PS/PBMA
is thought to fall into the latter category, since both upper and lower critical temperatures
have been found for diblock copolymers and low molecular weight blends of this
polymer pair. Indeed, the presence of the UDOT precludes the possibility of strong
specific interactions between styrene and butyl methacrylate segments. Clearly, there
remain important questions concerning the molecular origin of the LDOT in such weakly
interacting systems. Of special importance is the lack of experimental facts that would
greatly help to further elucidate the mechanism of this transition.
1.4. PRESSURE DEPENDENCE OF ORDERING TRANSITIONS
As discussed above, equation of state (EOS) theories predict non-zero volume
changes on mixing and, therefore, the effect of pressure on miscibility for polymer
mixtures and diblock copolymers. While the phase behavior of block copolymers as a
function of temperature has been extensively studied and was reviewed by Bates and
Fredrickson,'' the effect of pressure has remained relatively unexplored. For diblock
copolymers exhibiting UDOT behavior, the incompressible random phase approximation
is usually employed to extract the Flory-Huggins y parameter, although the few reported
pressure studies clearly show an effect of pressure on polymer compatibility, even for this
enthalpically driven phase transition. 6 " Experimental variation of pressure hence
offers the opportunity to further understand the molecular origin of phase behavior and
access thermodynamic quantities, such as the packing efficiency of two polymer chains
consisting of dissimilar segment types, which are not available through variation of
temperature only. Given the phenomenological relation between local structure, packing,
and thermodynamic compatibility described in the previous sections, such information
should indeed shed additional light onto the mechanisms responsible for the specific
phase behavior of a given polymer pair.
The phase behavior of a polymer blend under pressure is governed by the sign of
the excess volume change on mixing and the type of transition. This is evident upon
considering the general thermodynamic relation between pressure and transition
temperature along a spinodal:
c5 - vS V (1.20)
'5P X sx hx
where T, is the spinodal temperature, P is pressure, x is a composition variable, and vx,
sx and hx are the second derivatives with respect to composition of the intensive system
volume, entropy and enthalpy, respectively. Alternatively, the well known Clausius-
Clapeyron equation can equally be used:
dT - AV,,,,x / AS,,, = Ts AV,.mix AH ix (I.21.a)
dP
Likewise, for a block copolymer undergoing an order/disorder transition, the
following expression relates the pressure coefficient of the transition to the change in
system enthalpy, entropy and volume upon disordering (segmental mixing):
dTdis AVs I ASi, = Tdis AVdis I A i, (1.21 .b)
dP 
,
1.4.1. Effect of pressure on the UDOT
For the enthalpically driven UDOT, the system enthalpy and entropy increase
upon disordering (ASdis > 0, AHis > 0) and the sign of dTUDoT/dP is thus governed by the
sign of AVis. From equation 1.14, it follows that an increase in the transition temperature
will be observed under applied pressure if AVdis > 0 since pressure tends to favor the
more dense microphase separated (ordered) state. For a system with AVdis < 0, i.e.
wherein segmental mixing is accompanied by volume contraction, high pressures favor
the more dense segmentally mixed state and lower the transition temperature. These
considerations are summarized on the phase diagrams of Figure I.5.a and b.
AVdis < 0 AVdis > 0
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Figure 1.5: Effect of Pressure on the UDOT
A few experimental studies of the pressure dependence of the UDOT have been
recently reported. Hajduk et al. studied diblock copolymers of polystyrene and
polyisoprene and found that the UDOT increased with increasing pressure by about
20"C/kbar. They further measured an excess fractional change in volume upon
disordering AVis/V of about 5* 104 (0.05 %) for this material. Stuhn and coworkers
studied the same system and reported a similar pressure coefficient of 19"C/kbar at high
pressure. Schwann and coworkers1 studied the effect of pressure on block copolymers of
poly(ethylenepropylene) and polydimethylsiloxane and observed a change in sign for the
pressure coefficient as a function of pressure. For pressures lower than -0.5 kbar, they
report a negative pressure coefficient of about 10 to 20*C/kbar, while at higher pressures
(> 1 kbar), a positive coefficient of similar magnitude is found. Finally, Frielinghaus et
al.110 reported a negative pressure coefficient of - -20 *C/kbar over the entire experimental
pressure range for diblock copolymers of poly(ethylene propylene) and poly(ethyl
ethylene).
Such complex dependence of the UDOT on pressure can be ascribed to two
competing effects. Predominantly, application of pressure decreases the free volume,
thereby concentrating net repulsive segmental contacts and reducing block miscibility for
these incompatible systems. However, if the system exhibits a small negative change in
volume upon disordering, then the application of pressure might first enhance miscibility
by favoring the more dense segmentally mixed state.
1.4.2. Effect of pressure on the LDOT
In contrast to the UDOT, the system volume always decreases upon disordering
for the entropically driven LDOT (AVdis always <0). Hence, dTLDoT/dP is always
positive.79 The effect of pressure on the LDOT is illustrated in Figure 1.6.
AVdis always <0
Figure 1.6: Effect of Pressure
T
on the LDOT
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A few theoretical and experimental studies of the pressure dependence of the
LDOT/LCST have been recently reported. Janssen and coworkers"" reported a pressure
coefficient of - 120C/kbar for blends of PS and PVME close to the critical composition,
while Hammouda and Bauer" observed shifts of -20-25"C/kbar for asymmetric mixtures
of the same homopolymers. These results are in good qualitative agreement with the
predictions of Dudowicz and Freed. Hammouda and Bauer also investigated pressure
effects on the scattering from mixtures of polystyrene and poly n-butyl methacrylate, but
did not report the magnitude of the pressure coefficient for the LCST of this system.
Early on during this thesis, measurements were performed in collaboration with Professor
T. Russell and M. Pollard on diblock copolymers of the same components. A strong
pressure coefficient of - 1470C/kbar was extracted, which is about 10 times greater than
the pressure coefficients reported so far for any system.s2 The strong effect of pressure on
the LDOT of this system, which is in agreement with the predictions of Hino and
Prausnitz,2 has important implications from an engineering standpoint. Indeed, pressure
has an equally profound effect on the rheological properties of this material, enhancing
flow by forcing segmental miscibility. From a processing viewpoint, such "baroplastic"
behavior could offer increased flexibility in controlling structure and properties, as
temperature and pressure might equally be used to affect the thermodynamic state. This
motivated part of the present thesis which aims at developing a deeper understanding of
the molecular origin of this strong pressure sensitivity and seeking to control its
appearance in functional diblock copolymers.
1.5. TOWARDS A BETTER CONTROL OF BCP PHASE BEHAVIOR
A direct relation between monomer structure and thermodynamic compatibility
emerges from the discussion of phase behavior in block copolymers and polymer blends
presented above. However, a systematic study of this relationship has so far only been
carried out on saturated polyolefin systems. Clearly, there remains important questions to
be answered concerning the molecular origin of phase behavior in more complex weakly
interacting systems such as PS-b-PBMA, which exhibits both a UDOT and a LDOT. Of
special importance is the lack of experimental facts that would help further elucidate the
origin of such phase behavior. Moreover, the potential application of block copolymers
appears to suffer from a lack of simple, engineering-oriented models that could be used
as predictive tools for the design of block copolymer phase behavior. In an attempt to
address these needs, and perhaps design new block copolymers with tunable levels of
interactions, this thesis dissertation focused on, firstly, identifying molecular parameters
that control miscibility and the type of order/disorder transition (LDOT versus UDOT) in
weakly interacting block copolymers such as PS-b-PBMA. Secondly, a simple predictive
tool was developed, which could be used to molecularly engineer the phase behavior of
new systems of commercial interest. Given the phenomenological relation between block
copolymer thermodynamics and their rheological properties, special emphasis was given
to the molecular design of order/disorder transitions that would enhance the processibility
of these materials.
To better understand the molecular origin of the strong pressure sensitivity of PS-
b-PBMA, and perhaps identify new block copolymers with similar properties, the phase
behavior of a family of diblock copolymers formed from styrene and a homologous series
of n-alkyl methacrylates was investigated, both as a function of temperature and pressure.
This family of materials, illustrated in Figure 1.7, indeed offers the unique opportunity to
understand how the systematic variation of a structural parameter (the length of the alkyl
side chain of the methacrylate block) affects thermodynamic compatibility between the
two blocks and, hence, the type of phase diagram (UDOT versus LDOT) and resulting
properties. For PS-b-PMMA, the first member of this family of materials, the classical
UDOT behavior usually found for incompatible polymer pairs is well documented.32-35,113
Considering the remarkably different phase behavior of PS-b-PBMA compared to this
system, one might expect that lengthening the alkyl side chain of the methacrylate
should enhance the tendency towards LDOT behavior in this family of materials, due to
the increasing disparity in free volume between styrene and the methacrylate block. This
is based on the predictions of the theoretical treatments presented above which indicate
that the presence of the LCST/LDOT in polymer mixtures and diblock copolymers is
directly related to a mismatch in equation of state parameters of the two components.
The phase behavior of this family of block copolymers as a function of temperature and
pressure, determined through a combined use of dynamic rheological testing and small
angle neutron scattering (SANS), is presented in chapter III. In Chapter IV, an
engineering-oriented predictive tool for designing order/disorder transitions into weakly
interacting block copolymers is developed, based on existing group contribution/equation
of state calculations and the experimental results obtained for this family of PS/PnAMA
block copolymers. The success of this semi-quantitative tool at predicting the phase
behavior of new PS/PnAMA block copolymers is demonstrated. In chapter V, this
simple semi-quantitative tool is further applied to new block copolymers of commercial
relevance, namely, polystyrene-block-poly alkyl acrylates. These materials are highly
attractive candidate thermoplastic elastomers or adhesives which can now, for the first
time, be prepared using new controlled "living" free radical polymerization techniques
such as Atom Transfer Radical Polymerization (ATRP). The ability to control the
appearance of pressure and temperature-tunable order/disorder (solid like/liquid like)
transitions by molecular design of these systems is demonstrated for the first time.
Finally, in Chapter VI, a simplified expression for the free energy of mixing of a
compressible mixture is derived, which captures the thermodynamic trends observed in
this thesis as well as those reported in the literature for other systems. Its potential use as
a quantitative model for phase diagram prediction is discussed.
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Figure 1.7: Schematic representation of PS-b-PnAMA
CHAPTER 11: EXPERIMENTAL METHODS
11.1. MATERIALS PREPARATION
Although the results obtained in this thesis are in principle applicable to more
complex architectures, only diblock copolymers were considered for simplicity. Two
synthesis techniques were employed for the preparation of diblock copolymers, namely,
classical anionic polymerization and the new atom transfer radical polymerization
21(ATRP) recently described by Matyjaszewski et al.
11.1.1. Anionic polymerization of PS-b-PnAMA
In order to study the effect of monomer architecture on block copolymer phase
behavior in the styrene/alkyl methacrylate system, a series of nearly monodisperse,
compositionally symmetric diblock copolymers of styrene and various n-alkyl
methacrylates (nAMA), namely, ethyl (EMA), propyl (PMA), hexyl (HMA), octyl
(OMA) and lauryl methacrylate (LMA), were synthesized anionically, using sec-butyl
lithium as the initiator. Copolymers with octyl and lauryl methacrylate were prepared in
the laboratories of Professor R. Jerome at the University of Liege in Belgium, while the
remaining anionic block copolymers were prepared by P. Banerjee in the research group
of Professor A. M. Mayes at MIT. The following synthesis protocol was used in both
cases.
All monomers were rigorously purified prior to synthesis using two distillations.
MMA and EMA (Aldrich), PMA, BMA, HMA, OMA and LMA (Polyscience Inc.) and
S (Aldrich) monomers were first dried and distilled over CaH2 and subsequently stored
under a nitogen atmosphere at -10*C until needed. Prior to polymerization, the
methacrylate monomers were titrated with a 25 wt% tri-octyl aluminum solution
(Aldrich) in hexane until a yellowish-green color developed' and were then distilled a
second time. For styrene, the second distillation step was carried out over
fluorenyllithium. The s-BuLi initiator (Aldrich, 1.3 M solution in cyclohexane) was used
as received. The polymerization reaction was carried out under nitrogen in THF that had
been refluxed over a freshly prepared sodium-benzophenone complex. The solvent,
containing a tenfold excess of dried LiCi with respect to the required number of moles of
initiator, was cooled to -78 0C and titrated using one or two drops of distilled styrene and
a dropwise addition of s-BuLi until a persistent yellow/orange color developed. The
required amount of s-BuLi initiator was then injected, followed by the purified styrene
monomer. Polymerization of the first block was allowed to proceed for 30 minutes, after
which diphenyl ethylene was added in proportion with the amount of initiator used. After
5 minutes, an aliquot of polystyrene was extracted and terminated with methanol for
molecular weight determination. The second monomer was then injected and
polymerization was allowed to proceed for 2 hours before the reaction was terminated
with methanol. Compositions were determined using 1H nuclear magnetic resonance
(NMR). Molecular weights were measured by gel permeation chromatography (GPC) in
THF using PS standards.
TABLE 11.1: CHARACTERISTICS OF THE ANIONIC DIBLOCK COPOLYMERS
copolymer M. Mw/Mn PS remarks
(kg/mol) (wt %)
30K PS-b-PLMA 30 1.03 47.0 -
45K PS-b-PLMA 45 1.05 49.5 -
19K PSds-b-PLMA 19 1.01 50 (theor.) -
23K PS-b-POMA 23 1.06 55.8 -
43K PS-b-POMA 43 1.03 50.7 -
27K PS-b-POMA ~27 - 54.3 30/70 wt% mixture of
28.6K PS-b-PHMA 28.6 1.01 49.0
41K PS-b-PHMA 41 1.01 49.0
34.3 PS-b-PHMA - 34.3 - 49.0 45/55 wt% mixture of
11OK PS-b-PPMA 110 1.03 49.2
136K PS-b-PPMA 136 1.01 49.8 < 5% homopolymer
70K PS-b-PEMA 70 1.02 49.1 < 5% homopolymer
11OK PS-b-PEMA 110 1.01 48.7 < 5% homopolymer
79K PS-b-PEMA ~77 - 49.0 70/30 wt% mixture of
80K 80 1.01 50 26.5 wt% MMA
PS-b-P(MMA-r-LMA) 23.5 wt% LMA
The characteristics of the different anionic block copolymers used in this thesis
are listed in Table 1.1. The absolute molecular weights listed are based on the measured
weight fraction and molecular weight of the styrene block. For some materials, a small
fraction of PS homopolymer was present, as noted in the table. During the study of phase
behavior for this family of materials, mixtures of two different molecular weights of the
same material were sometimes prepared in order to access thermodynamic transitions
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without requiring further synthesis. Such use of mixtures has proven to be very
successful, provided the molecular weights of the two copolymers are not too
disparate. 7 The mixtures were prepared by coprecipitating in methanol the desired
amounts of each copolymer dissolved in THF. The precipitate was then filtered and
allowed to dry in vacuum for several hours.
11.1.2. ATRP of S/AMA and S/AA block copolymers
II..2.a. Introduction to ATRP
Because of the control over termination reactions and chain end functionality that
it offers, anionic polymerization has been used almost exclusively over the past three
decades for the preparation of block copolymers.! However, besides requiring extremely
rigorous purification procedures of all monomers, solvent and reagents, this technique is
also very limited in the types of block copolymers that it can produce. In particular,
anionic polymerization of block copolymers comprising an acrylate block has proven
very difficult." Such materials are important candidate thermoplastic elastomers and
pressure sensitive adhesives, which can now be prepared by the recently reported
controlled "living" atom transfer radical polymerization (ATRP) methods. Since it was
first described 5 years ago by Matyjaszewski et al."' and Sawamoto et al."9, ATRP has
been widely applied to the preparation of block, graft or random copolymers of various
chemistries and architectures.21
ATRP is a controlled free radical polymerization technique that relies on the
reversible activation of dormant species to yield free radicals capable of propagating the
polymerization. Initiation of ATRP involves an equilibrium reaction between a halogen
derivative (alkyl halide R-X, where X= Cl, Br) and a transition metal halide catalyst
(MX, where M=Cu, Ni, Ru, Fe,... and X=Cl, Br) complexed with an organic ligand.
This reaction yields the activated radical (R) and an oxidized metal complex (MX2).
Subsequently, a similar equilibrium is established between the growing radical and the
halogen end-capped chain, and polymerization proceeds by the activation-propagation-
deactivation cycle depicted in Figure 11.1
Activation
+ LnMz+ . + LnM(z+1)+X
Propagation
Deactivation
* + LnM(z+1)+X X + LnMz+
Figure 1.1: General mechanism of ATRP
However, because the equilibrium between activated and deactivated species lies heavily
on the side of the deactivated (halogen end capped) chain, the overall concentration of
activated radicals remains very low throughout the polymerization, and the various
termination reactions typically encountered in normal free radical polymerization are
much less probable. This confers to ATRP its almost "living" character and allows for
control over molecular weight and polydispersity of the polymer. Moreover, because the
chain retains the halogen end functionality at the end of polymerization, chain extension
with a second monomer is possible, and block copolymers can thus be prepared. Finally,
since ATRP is a free radical polymerization method, it can be applied to a much wider
range of chemistries and does not require any rigorous purification of the monomers or
reagents, since the only impurity that needs to be removed from the reaction medium
prior to polymerization is oxygen. ATRP hence offers a highly versatile and attractive
alternative to anionic polymerization for the preparation of block copolymers.
This polymerization technique was used to prepare block copolymers of styrene and
various methacrylates and acrylates. The experimental details are given below.
II.1.2.b. ATRP of PS-b-PnAMA
PS-b-PnAMA block copolymers were prepared in two steps. First, a methacrylate
homopolymer was prepared by ATRP in the bulk. The purified Cl-terminated
methacrylate block was then used as a macroinitiator for the polymerization of styrene in
N,N-dimethylformamide (DMF).12 0 Butyl methacrylate (BMA), methyl methacrylate
(MMA) and lauryl methacrylate (LMA) were purchased from Aldrich and used as
received. Homopolymers of these monomers were prepared by ATRP in the bulk using
methyl-2-bromopropionate (Aldrich, used as received) as the initiator, and CopperUC/l1,
1, 4, 4, 10 10- hexamethyltriethylenetetramine (both from Aldrich, used as received) as
the transition metal/ligand complex. The choice of a more reactive brominated initiator
(R-Br), over a chlorinated one (R-Cl), ensures rapid initiation for the polymerization of
the highly reactive methacrylate monomers.m In all cases, 25 ml of monomer were
combined with 0.06 g CuCl and 0.5 ml of the amine ligand (amine/Cu(')Cl molar ratio =
3:1) in a conical flask containing a stir bar. After capping the flask with a rubber septum,
the monomer/catalyst mixture was degassed by refluxing dry, grade 5.0 nitrogen for 15
min. Towards the end of those 15 min., the initiator (68 pl, molar ratio of R-BR:CuDCl =
1:1) was injected under a continuous flow of nitrogen and the reaction vessel was then
quickly placed in an oil bath equilibrated at a temperature of 90*C. Polymerization was
allowed to proceed for 20 minutes, which, for the concentration of initiator used,
corresponds to a conversion of approximately 70%. Indeed, higher conversion was found
to be detrimental for the subsequent preparation of block copolymers, since substantial
loss of chain end functionality tends to occur towards the end of the polymerization when
a brominated initiator is used. The reaction mixture was then dissolved in 20 ml of THF
and precipitated in methanol. The resulting methacrylate homopolymer was re-dissolved
in THF and precipitated in methanol 3 times to remove unreacted monomer and the
catalyst complex. The purified polymer was then dried overnight at 60*C under vacuum.
The dried and purified n-alkyl methacrylate homopolymer (PnAMA) was then used as a
macroinitiator for the ATRP of styrene (Aldrich, used as received). PnAMA (2g) was
dissolved in 20 ml of N,N-dimethylformamide (DMF, Aldrich, used as received) in a
Schlenk tube equipped with a stir bar. Cu"Cl (0.008 g), the amine ligand (65 ptl,
Cu(DCl:ligand = 3:1), and styrene monomer (4 ml) were added to the dissolved polymer
and the solution was then degassed for 15 min. and subsequently placed in an oil bath
equilibrated at a temperature of 130*C. These conditions (DMF, 130 0C) have indeed
been shown to result in controlled ATRP of styrene. Polymerization was allowed to
proceed for 48 hrs, after which the reaction mixture was precipitated in methanol. The
filtered block copolymer was then purified 3 times by dissolution/precipitation in
THF/methanol and dried overnight under vacuum at 40"C. In some cases, the resulting
block copolymer was found to contain substantial amounts of unreacted methacrylate
homopolymer. Soxhlet extraction with hexane for 2 days was found to result in almost
complete removal of the undesired methacrylate homopolymer.
Compositions of the block copolymers were determined using 'H nuclear magnetic
resonance (NMR). Molecular weights were measured by gel permeation chromatography
(GPC) in THF using PMMA standards. Absolute molecular weights were obtained based
on the measured weight fraction and molecular weight of the methacrylate first block.
The characteristics of the ATRP PS-b-PnAMA will be presented in Chapter IV.
H.1.2.c. ATRP of PS-b-PnAA
Block copolymers between styrene and various n-alkyl acrylates (nAA), namely
methyl acrylate (MA), butyl acrylate (BA), hexyl acrylate (HA) and lauryl acrylate (LA)
were prepared by ATRP using a very similar protocol as that developed for PS-b-
PnAMA. Again, all monomers, purchased from Aldrich, were used as received. The
acrylate block was prepared first, in bulk, using methyl-2-chloropropionate (Aldrich,
used as received) as the initiator. Indeed, since the propagation is much slower for the
acrylates, initiation can involve the less reactive, but also more stable chlorinated
initiator.m This circumvents the problem of chain end functionality loss at high degrees
of conversion of the first block, which leads to the presence of undesired homopolymer in
the final block copolymer. The acrylate monomer (25 ml) was combined with 0.06 g
Cu(DCl and 0.5 ml amine in a conical flask which was then sealed. The initiator (70 pl,
R-Cl:Cu(')Cl = 1:1) was added to the degassed mixture and polymerization was carried at
90'C for 12 hrs. The resulting acrylate homopolymer was then purified three times as
described above and dried overnight at room temperature under vacuum. The same
conditions as those described above for PS-b-PnAMA were used for the extension of the
acrylate macroinitiator with styrene monomer. In this case, however, no homopolymer
was detected in the final block copolymer. Compositions of the block copolymers were
determined using 1H nuclear magnetic resonance (NMR). Molecular weights were
measured by gel permeation chromatography (GPC) in THF using PMMA standards.
Absolute molecular weights were obtained based on the measured weight fraction and
molecular weight of the acrylate first block. The characteristics of the ATRP PS-b-PnAA
will be presented in Chapter V.
11.2. INVESTIGATION OF PHASE BEHAVIOR
The experimental investigation of phase behavior of the various materials
prepared in the context of this thesis made use of two major techniques: dynamic
rheological testing and small angle neutron scattering (SANS). Because of their
extensive use in this work, these two techniques will be described in detail in the sections
below.
11.2.1. Dynamic rheological testing
II.2.].a. Background
When a material is deformed under periodic forces, one refers to its mechanical
properties as dynamic. These properties are expressed by the dynamic storage modulus
G', the loss modulus G", and mechanical damping or internal friction. The dynamic
storage modulus, G', represents the inherent stiffness of the material under dynamic
loading conditions. The loss modulus G" represents the amount of elastic energy which is
dissipated as heat under cyclic loading conditions. Both G' and G" are sensitive to
molecular motions, relaxation processes, structural heterogeneities, morphologies of
multiphase systems and transitions of different types, including order/disorder
transitions. Dynamic mechanical properties of viscoelastic materials are typically
determined by measuring the response to a sinusoidal excitation (stress or strain), as a
function of temperature and amplitude and frequency of the excitation. As long as the
strain (or stress) applied to the material is below the elastic limit, linear viscoelastic
behavior is observed. In this case, the mechanical response to a sinusoidal stimulus is
also sinusoidal, but out of phase with the applied stimulus. This phase lag results from the
time necessary for molecular rearrangements. For example, upon the application of a
sinusoidal strain of amplitude &o and frequency co:
s = s6 sin cot = c, expi" (II.1)
the resulting stress in the material will be given given by:
-= C- sin(cot +5) = a, expi"" (11.2)
where o- is the stress amplitude, co the angular frequency (rad/sec) and 3 the phase
angle (rad). By dividing the stress by the strain, one can define a complex modulus, E*
or G* (elongation or shear deformation), which consists of a real (storage), and a
complex (loss) part. For shear, these two components depend on the imposed strain, the
measured stress and the phase angle as follows:
G*= a-/s = co /e x (cos 5+i sin3) G'+iG" (II.3.a)
G= (o / e0) cos 3 (II.3.b)
G"= (o /.Co ) sin d (II.3.c)
II.2.1.b. Dynamic rheological testing of diblock copolymers
Intuitively, the drastically different diffusion mechanisms which are expected to
prevail in the ordered state compared to the segmentally mixed state should result in large
changes in the viscoelastic properties of diblock copolymers undergoing an ordering
transition. While the viscoelastic behavior of a copolymer in the segmentally mixed state
should resemble that found for homopolymers, the thermodynamic barrier imposed by
microphase separation should strongly alter diffusion processes in the ordered state.
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Several authors investigated these effects. Bates and coworkers further illustrated
how they provide an easy means for observing ordering transitions in diblock
copolymers. They found that, upon raising the temperature above the UDOT of diblock
copolymers, the low-frequency dynamic modulus and viscosity decreased dramatically
and the rheological behavior changed from non-Newtonian (shear-dependent viscosity) to
Newtonian (shear-independent viscosity). Upon shifting isothermal frequency scans
along the frequency axis, they found that the low-frequency data exhibited two very
distinct power-law behaviors above and below the ordering transition. In the disordered
state, a low-frequency power-law behavior similar to that found for homopolymers is
observed, namely:
G ~2 and G" ~ w (disordered state)
In contrast, for a diblock copolymer in the ordered state, a scaling of the modulus with
frequency of 0.5 is found for both G' and G":
G', G" ~ _20.5 (ordered state)
Finally, for a material undergoing a transition from the ordered to the disordered state in
the temperature range studied, a change in scaling of G' from G'~ o," 5 to G'- 2 is found.
Dynamic rheological testing thus provides a unique opportunity for studying phase
behavior in diblock copolymers. Although rigorously not applicable for materials
undergoing morphological changes, time/temperature superposition is commonly used as
it provides an elegant way of presenting and interpreting dynamic rheological data.
H.2.1.c. Experimental details
Dynamic rheological measurements were obtained using a Rheometric Scientific
ARES rheometer operated in the parallel plate geometry, with 25 mm diameter plates and
a 0.5 mm gap size. Bulk polymer samples (17 mm in diameter, 1 mm thick) were melt
pressed in a hot press held at a temperature of 100"C or more. To avoid the application
of large stresses on the material, the polymer was allowed to warm above the glass
transition of the stiffer block before pressurizing. Once placed in the rheometer, the
sample thickness was further reduced to 0.5mm, again well above Tg.
The dynamic storage (G') and loss (G") moduli of the copolymers were
determined isothermally as a function of frequency (0.1 < Co< 400 rad/sec), and
temperature was varied from 100 to 200*C in 10 or 20'C increments. A strain of 0.5 to
1% was used, which is in the linear elastic regime for the materials considered in this
work. Whenever possible, the isothermal frequency sweeps obtained at various
temperatures were superimposed about a reference temperature of 150'C in order to
obtain master plots. Data taken at torques lower than 1 g-cm (the lower limit of
sensitivity of the transducer) were discarded.
11.2.2. Small angle neuron scattering (SANS)
II.2.2.a. Background
While dynamic rheological measurements offer a clear means of identifying
whether a block copolymer is ordered or disordered, they do not provide direct
information on the type of phase diagram in hand (UDOT versus LDOT), unless a phase
transition is observed in the temperature range studied. Therefore, this technique was
used in combination with small angle neutron scattering (SANS), the latter offering the
advantage of revealing unambiguously whether composition fluctuations in the
disordered state increase or decrease with increasing temperature, as expected for LDOT
and UDOT behavior, respectively.
In a scattering experiment, one refers to scattering as the deflection of an incident
beam from its original direction by interaction with the nuclei of atoms or molecules in a
sample. If the scattering process does not involve any transfer of energy, the scattering is
called elastic and the neutrons only undergo a momentum transfer. The momentum
transfer q is related to the neutron wavelength 2 and the scattering angle 0 by:
q = (4;r /2) sin 0 (11.4)
The spatial arrangement of the atoms or molecules by which the neutrons are scattered in
a given sample gives rise to constructive or destructive interference, depending on the
phase difference between the scattered neutron beams. Measuring the scattered intensity
as a function of the scattering angle hence provides an easy means of studying the local
structure and correlations between the atoms or molecules in a particular sample. The
number of scattered neutrons per second and per incident neutron for a given nucleus in
the sample is called the atomic scattering cross section, and is proportional to b2 , where b
is the scattering length. The difference in scattering lengths from one nucleus to another
is thus responsible for the contrast needed to extract interesting information on chain
configurations and structure from neutron scattering experiments. Table 11.2 summarizes
the values of b for the atoms most commonly encountered in organic materials.
For a polymer molecule, each repeat unit (monomer) acts as a collection of point
scatterers. Therefore, the scattering length of a monomer unit is defined as the sum of all
scattering lengths of the constitutive atoms. An important value of b is that of deuterium
and how it differs from the value for hydrogen. This difference is at the origin of
selective deuterium labeling, a technique extensively used to enhance the level of contrast
in a mixture or diblock copolymer compared to that obtained for fully hydrogenated
materials.
TABLE 11. 2: SCATTERING LENGTH b FOR ELEMENTS APPEARING IN
ORGANIC POLYMERS
Scattering length b
Atom Nuclei (1012 cm)
Hydrogen 1H -0.374
Deuterium 2H (D) 0.667
Carbon 1C 0.665
Oxygen 160 0.580
II.2.2.b. SANS on diblock copolymers
As mentioned above, the coherent scattered intensity in SANS carries information
on the correlations between atoms or groups of atoms and is therefore a very attractive
method for studying microphase separation in block copolymers. For diblock
copolymers in the microphase separated state, the periodic structures formed give rise to
Bragg reflections (constructive interference between the waves scattered by point
scatterers arranged on a lattice). From the detailed structure of the Bragg reflections, one
can extract the symmetry and the periodicity of a given morphology. In the disordered
state, however, the scattering spectrum is completely different. While polymer blends
exhibit a monotonic decrease of scattered intensity with scattering angle (or q vector), the
scattered intensity of diblock copolymers exhibits a broad reflection at non-zero angle,
even in the disordered state.4'' 9 This reflection, which results from the connectivity of the
two blocks, is referred to as the correlation-hole peak and occurs at a wave vector q
1.8 6/Rg, where Rg = N1/2a/6, is the radius of gyration of a gaussian chain containing N
statistical segments of length a. The shape of the correlation hole peak is strongly
affected by the degree of thermodynamic compatibility between the two blocks.
Leibler 3 9 first showed how the evolution of both the peak intensity and shape could be
used experimentally to extract the microphase separation temperature and interaction
parameter X from the coherent scattering. The absolute scattered intesity I (cm-1) is
related to the scattering function S (q) as follows:
I(q) = v~'(b, -b 2 )2S(q) (11.7)
where v is a reference segmental volume and bi is the scattering length of component i.
Within the incompressible random phase approximation (IRPA), the scattering function
S(q) is given by:
S(q) = W(q) /[Z3 S1,(q) - 2XW(q)] (11.8)
where W is the determinant of the matrix composed of the correlation functions'of the
ideal independent copolymer chains, S i, and X the Flory-Huggins interaction
parameter. For ideal gaussian chains of N statistical segments of length a, the
correlations functions S;; are given by:
S, (q) = Ng (f, x) (II.9.a)
S22(q)= Ng,= 1) ( 
- 
f, x) (II.9.b)
S12(q)= S21 (q) = N / 2[g, (1, x) - g, (f, x) - g, (1- f, x)] (II.9.c)
wheref is the segment fraction of component 1: f =NI/N, where N, is the number of
statistical segment of type 1 in the copolymer, and g(f,x), the Debye function, is defined
as:
g,(f, x) = 2[fx+exp(-fx)-1]/x 2  (11.10)
with
x = q2Na2 / 6 =q2R (11 11
When equations 11.9 through 11 are incorporated into equation 11.8, the formula for the
scattering function becomes:
S(q) = N /[F(x) - 2XN] (11.12)
where F(x) is a function of the Debye functions only, and is hence independent of
temperature:
F~x) = A 'I (II.13
g1(f,x)g(1 - f, x) - 4 [g(1, x) - g(f, x) - g.(1- f, x)] 2  (11.13)
The last two equations can then be used in combination with equation 11.7 to extract
thermodynamic and configurational information such as X and Rg.
Equations 11.12 and 11.13 assume that the two segment types have identical
statistical segment lengths ai and segment volumes. For copolymers consisting of
structurally dissimilar blocks, this assumption can be relaxed by using a modification to
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equation 11.13 proposed by Bates
F(x, ) 2 g (x) + 2f(1 - f)h(x)h(x2)+(1- f) 2 g(x 2 ) (11.14)f 2( - f) 2 [g(x1)g(x 2) - h2(xj)h 2(x 2)]
wheref is now the volume fraction instead of the segment fraction of component 1, and
g(xi) and h(xi) are given by:
g (x,) = 2[x, + exp(-x) -1]/ x (II. 15.a)
h(x) = xj1 (1 - exp(-x,)) (II. 15.b)
and
x N=q2 a I6=q2R (11.16)
II.2.2.c. Experimental details
SANS measurements were obtained primarily at the Cold Neutron Research
Facility at the National Institute of Standards and Technology (NIST) on beamline NG-3.
The instrument configuration was X = 6.00 A, AX/X = 15%, sample-to-detector distance =
6 m, resulting in a q spanning 0.008 to 0.08 A'. Some measurements were also taken at
the Manuel Lujan Jr. Neutron Scattering Center of the Los Alamos Neutron Science
Center at the Los Alamos National Laboratory on the Low-Q Diffractometer (LQD), and
at the Intense Pulsed Neutron Source at the Argonne National Laboratory on the Small
Angle Neutron Diffractometer (SAND). The wavelength range and q range for these two
time-of-flight diffractometers are 0.2<X<20 A, 0.003<q<0.5 A- and 1<X<14 A,
0.0035<q<0.6 A-1, respectively. In all cases, melt pressed samples were prepared as
described in section II.2.2.c. The scattered intensity was corrected for background and
detector inhomogeneity in the standard manner and scaled to absolute units (cm-1) using a
silica standard. Temperature was varied by 10 or 20"C increments and sufficient time
was provided for thermodynamic equilibration at each temperature. Thermodynamic
reversibility of the observed behaviors was verified in each case through temperature
cycling. Effective interaction parameters X were extracted from the SANS data using the
incompressible RPA described above.
In order to obtain additional information on the phase behavior of the materials
studied in this thesis, SANS experiments were carried out not only as a function of
temperature, but also pressure. SANS measurements under hydrostatic pressure were
performed at NIST using a hydraulic pressure cell that permits in situ measurements over
a pressure range from 1 to 1000 bar and over a T range spanning 25 to 1900C. Silicone
oil is used as the pressurizing fluid, with a rubber gasket separating the sample, prepared
as described above, from the fluid. As for simple T measurements, reproducibility of
pressure measurements was verified by cycling both T and P. Data were reduced in the
same manner as regular SANS data. Pressure coefficients were extracted from the
variation of the ordering transition temperature with pressure. To this end, pressure was
varied isothermally over an interval spanning 0.014 to 1 kbar, at various temperatures
ranging from 100 to 1900C.
CHAPTER III: PHASE BEHAVIOR OF PS-B-PNAMA
In this chapter, the phase behavior of the series of anionically synthesized
symmetric block copolymers between styrene and n-alkyl methacrylates listed in Table
11.1 is presented. Their phase behavior was determined both as a function of temperature
and pressure through a combined use of dynamic rheological testing and SANS. In the
following sections, the parameter n refers to the number of carbon atoms in the alkyl side
chain of the methacrylate block, i.e., n = 1 for MMA, 2 for EMA, 3 for PMA, 4 for BMA,
etc. The results are divided into two categories, namely, those obtained for block
copolymers with long alkyl side chain methacrylates (n > 6), and those obtained for short
alkyl side chains (2 n 4).
111.1. PHASE BEHAVIOR AS A FUNCTION OF TEMPERATURE
I1.1.1. Copolymers with long side chains (n 6)
Figure III.1 shows the storage (G') and the loss (G") moduli of 45K PS-b-PLMA
as a function of frequency at various temperatures, time/temperature superimposed about
a reference temperature of 150*C. The results suggest that this material remains in the
ordered state over the entire temperature range studied (100 to 190"C), as is evident from
the low frequency power law behavior. Both G' and G" scale with frequency
approximately as o05, which is typical for ordered diblock copolymers.122 ,23
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Figure 111.1 :Master curves for G' and G" of 45K PS-b-PLMA
Similar results were obtained for the 30K sample. The persistence of the ordered
state for temperatures a high as 200'C in these materials is consistent with two distinctly
different phase diagrams. One possibility is that the low temperature compatibility
between styrene and the methacrylate strongly decreases with increasing alkyl side chain
length. This would have the effect of raising the UDOT above the experimentally
accessible temperature range, even for these rather low molecular weights. Alternatively,
a simultaneous increase of the UDOT and decrease of the LDOT would result in an "lens
shaped" phase diagram (see Figure I.3.b in Chapter I) in which the two transitions have
essentially merged together such that the copolymer is ordered at all temperatures. To
differentiate between these two scenarios, SANS measurements were performed on these
materials, as well as a the lower molecular weight PSds-b-PLMA sample.
Figure 111.2 shows the scattering intensity profile as a function of wave vector
q=4ncsin alZ for 19K PSds-b-PLMA. At temperatures below 130 0C, a Bragg reflection
characteristic of the ordered state is observed at q ~ 0.041 A. Increasing the
temperature above 130 0C results in a significant decrease in the peak intensity and a
broadening of the scattering maximum. Such "correlation hole" scattering is the
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signature of a segmentally mixed state , indicating that this material undergoes a classic
UDOT between 130 and 140"C.
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Figure 111.2: Scattering intensity profile for 19K PSds-b-PLMA
A convenient means of locating more precisely an ordering transition in block
4
copolymers is by plotting the breadth of the scattering maximum and its intensity.
Indeed, at the order/disorder transition, the full width at half maximum intensity of the
peak (FWHM) is expected to increase abruptly, while the peak intensity (Imax) should
decrease as sharply. Figure III.3 shows the temperature dependence of these two
parameters, obtained from a gaussian fit to the scattering intensity profile. The abrupt
increase in FWHM (from ~ 0.003 to ~ 0.006) and decrease in Imax (from ~ 55 to ~ 25)
between in 130 and 1404C signify the order/disorder transition of the block copolymer,
and a UDOT temperature of ~ 135"C is extracted. Moreover, the magnitude of the
thermodynamic fluctuations in the system, or, equivalently, the intensity of the scattering
maximum Ima, monotonically decreases with increasing temperature, thereby precluding
the possibility of LDOT-type phase behavior for this sample in the temperature range
probed (1 10-210 0C). For the 30K and 45K samples, sharp reflections were observed at
all temperatures, confirming the ordered state apparent from the dynamic rheological
measurements. A monotonic decrease in intensity of the first order reflection with
increasing temperature was also found, again ruling out LDOT behavior.
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Similar results were obtained for PS-b-POMA and PS-b-PHMA, but with a
distinct increase in block compatibility in going from lauryl to hexyl methacrylate. For
PS-b-POMA, the 23K sample was disordered throughout the experimental temperature
range while the 43K was ordered. As shown in Figure 111.4, a UDOT could be observed
between 130 and 140 0C for a Mn - 27K mixture of these two samples containing 70 wt%
of the low molecular weight copolymer and prepared as described in section II. 1.1. The
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inset of Figure 111.4 shows the variation of Imax and FWHM with temperature. The
UDOT of this block copolymer manifests itself in a strong decrease in Ima and increase
in FWHM between 130 and 1400C, while the presence of a LDOT in the temperature-
range investigated is again ruled out by the monotonic decrease in Imax and increase in
FWHM.
For PS-b-PHMA, the 28.6K sample was disordered over the entire experimental
temperature range, while the 41K sample was always ordered. However, a M" ~ 34.3K
mixture of these two materials containing 45 wt% of the low molecular weight diblock
was found to undergo a UDOT at 162'C, as shown in Figures 111.5. Again, no sign of an
LDOT-trend was observed for any of these block copolymers.
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Figure III.4: Scattering intensity profile for 27K PS-b-POMA
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Figure 111.5: Scattering Intensity profile for 34.3K PS-b-PHMA
To extract y as function of temperature from the SANS data for these three
UDOT-type systems, the incompressible RPA formalism described in section II.2.2.b was
employed:
(bs -b A) 2 Sq
I(q) = ^"^_AM) S(q) (1II.1)
Vret
where S(q) is given by equation 1.12. The number of statistical segments N was equated
to the degree of polymerization of the molecule.3 For F(q), the expression developed in
the case of disparate statistical segment lengths (equations 11.14 through 16) was used.
Neutron scattering data were fit to equation III.1 with X, the statistical segment length of
the methacrylate block bAMA, and a constant scaling factor as fitting parameters. A
statistical segment length of 6.7 A was used for PS.12 Data for the lowest molecular
weight samples were used in all three cases, i.e., 19K PSd8-b-PLMA, 23K PS-b-POMA
and 28.6K PS-b-PHMA. For the hydrogenated samples, namely PS-b-POMA and PS-b-
PHMA, no suitable fit could be obtained without prior subtraction of an incoherent
scattering background due to the high hydrogen content. As a first approximation, a
constant background was included as a fitting parameter. An example of the resulting fit
is given in Figure 111.6 for PS-b-POMA. The average values of the fitting parameters are
listed in Table A. 1 of the appendix along with the fitting temperature range and N for
each material.
The interaction parameters are shown in Figure 111.7 where the functional form X
= A + BIT was used, with best fit slope and intercept values as listed. Data obtained by
Russell et al.3 for 27.6K PSd8-b-PMMA are included for comparison. The X values are
found to increase from approximately 0.044 to 0.083 when the side chain length is
increased from 6 to 12 hydrocarbons, while PSds-b-PMMA (n = 1) exhibits a slightly
greater degree of thermodynamic incompatibility, since the reported X value for this
system is around 0.0373 in the temperature range considered. The increase in X is found
to result from both an increase in B, the temperature dependent enthalpic contribution to
X, and A, the temperature independent entropic contribution. However, an important
observation to be made upon considering the data presented in Figure 1.7 is the weak
temperature dependence and large "entropic" contribution to X (large A) that
characterizes all of these systems. This is in contrast with classical incompatible (UDOT)
systems such as styrene/isoprene , for which X is mainly governed by unfavorable
enthalpic interactions (B large and positive, A small). This observation strongly suggests
that besides A6, other factors such as differences in packing, chain flexibility and self-
interaction energies of the pure components, play an important role in the phase behavior.
As mentioned in Chapter I of this thesis, such effects have been studied by several
authors, using both lattice-based and off-lattice calculations on polymer mixtures of
dissimilar components. These calculations have shown that disparities in monomer
structure, chain flexibility and Van der Waals self-interaction energies contribute both
entropic and enthalpic terms to the free energy of mixing that result in reduced
compatibility. For PS-b-PMMA, Freed and coworkers12 argued that the weak
temperature dependence previously reported arises from geometrical packing
constraints on the differently shaped monomers and the distribution of excess free
volume resulting from these constraints.
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111.1.2. Copolymers with intermediate alkyl side chains (2 n 4)
Strikingly different results were obtained for diblock copolymers between styrene
and methacrylates with intermediate alkyl side chains (2 n 4). Master curves for G'
and G" obtained for 136K PS-b-PPMA (n=3) are shown in Figure 111.8. The data
indicate that this system is disordered at low temperatures and goes through a LDOT
around 160C. The transition is evidenced by the change in scaling of G' in the low
frequency regime from G'- w 1.4, characteristic of a segmentally mixed system, to G' -
w .5, characteristic of the microphase separated state. In the vicinity of the transition,
good overlap of the data for both G' and G" cannot be obtained through horizontal
temperature shifts. Such failure of time/temperature superposition is commonly observed
for systems characterized by large concentration fluctuations prior to ordering.123
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The tendency of this system to microphase separate upon heating through a
LDOT is further evidenced by the neutron scattering data for 110K PS-b-PPMA shown in
Figure 111.9. The weak scattering maximum observed at low temperatures (T<1750 C)
increases in intensity as the LDOT is approached. Between 195 and 205'C, the distinct
narrowing of the scattering peak and increase in peak intensity together signal the onset
of order (see inset of Figure 111.9). The weak scattering observed in the mixed state, far
below the LDOT, witnesses a strong compatibility between styrene and propyl
methacrylate compared with the styrene/n-alkyl methacrylate systems described in the
previous section. Similar data were obtained for 136K PS-b-PPMA, confirming the
LDOT observed by dynamic rheological testing on this material and yielding a better
estimate for the transition temperature of ~ 155'C. Based on these results and the phase
diagram for PSds-b-PBMA presented in Chapter I (Fig. 1.4), PS-b-PPMA appears to be
more miscible than the latter system, since symmetric 110K and 136K PSds-b-PBMA are
always ordered. (While deuteration is generally known to affect miscibility, SANS
experiments on hydrogenated PS-b-PBMA show that deuteration effects do not
significantly alter the phase diagram for this system ).
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Block copolymers of styrene and ethyl methacrylate (n=2), PS-b-PEMA, were also found
to exhibit the LDOT-type phase behavior. Figure III.10 shows the scattering profile
obtained for a M, -79K mixture of 70K and 110K PS-b-PEMA containing 70 wt% of the
lower molecular weight diblock. This material undergoes a LDOT at ~ 185*C, as
evidenced by the distinct sharpening and increase in intensity of the scattering peak at
and above this temperature (see inset of Figure 111.10). On the other hand, 110K PS-b-
PEMA is always ordered in this temperature range. (see Figure 111.11)
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These results indicate that the degree of thermodynamic compatibility between
styrene and ethyl methacrylate is quite comparable to that found for PS-b-PBMA, since
78K PS-b-PBMA undergoes a LDOT at ~ 185 0C while 110K PS-b-PBMA is always
ordered. The results obtained for these three LDOT-type block copolymers, namely, PS-
b-PEMA, PS-b-PPMA and PS-b-PBMA, thus point to a maximum in thermodynamic
compatibility for PS-b-PPMA (n = 3). Earlier blend studies of PS/PEMA and PS/PPMA
by Brannock and coworkers"2 seem to reveal a quite different trend, namely, a higher
degree of miscibility for PS/PEMA. However, the use of melt indexes as molecular
weight indicators of the polydisperse polymers used in those studies complicates
quantitative comparison with the observations presented here.
Strictly speaking, the incompressible RPA formalism used in the previous section
to extract X parameters from SANS data does not apply to compressible LDOT-type
systems. However, "effective" Y parameters can still be obtained, which combine the
different contributions to the free energy of mixing, namely, the purely enthalpic effects
arising from segmental interaction and the equation of state effects described in section
1.3.2 of Chapter I. Although the individual contribution to the free energy of mixing for
each of these effects can not be resolved without the use of one of the compressible
formalisms described in section I.3.2.b, the extracted X values can still be used as a basis
for comparison. The effective interaction parameters for PS-b-PPMA, PS-b-PEMA and
PSds-b-PBMA are shown in Figure III.12 where the functional form X = A + BIT was
used, with best fit slope and intercept values as listed. The parameters used for this fit are
listed in Table A. 1. As expected, the slope B is negative for these LDOT systems, since
the degree of thermodynamic compatibility decreases with increasing temperature. The
greater value of B for n = 3 confirms the larger degree of compatiblity observed for this
system and points to a more negative AHmix.
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Figure 111.12: Interaction parameters X for LDOT-type PS-b-PnAMA BCP's
111.1.3. Summary
Table 111.1 summarizes the results presented so far, namely, the type of behavior
(UDOT versus LDOT) and the transition temperature for each system. Also included are
32 22716
the results reported for PS-b-PMMA and PS-b-PBMA. The results indicate a strong
dependence of the phase behavior of these block copolymers on the degree of branching
of the methacrylate block. For very short (n = 1, MMA) and long (n > 6, HMA, OMA
and LMA) alkyl side chains, the classical UDOT-type phase behavior of block
copolymers consisting of incompatible blocks is observed. For intermediate side chain
x ~-0.021 - 2.6/T
abs
(n=2)
0.028 
- 5.8/abs
(n=4)
X 0.056 - 20.5/T
(n=3)
I I I I
length (2 n 4), however, the block copolymer is miscible at low temperatures and
microphase separates upon heating through a LDOT. Moreover, a maximum in
thermodynamic compatibility is observed for n = 3 (PMA), as evidenced by the variation
of the effective interaction parameter X as a function of the alkyl side chain length shown
in Figure 111.13 for a constant temperature of 150"C.
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Given the chemistry involved in the family of materials under investigation, the
presence of strong specific interactions between the non-polar styrene and the polar
methacrylate segment cannot be deemed responsible for the compatibility observed for
intermediate side chain lengths. Indeed, at best, modest dipole/induced dipole
interactions can occur between these two segments. Therefore, other effects, such as a
fine balance between these weak interactions and favorable packing effects in the
segmentally mixed state, have to be invoked to explain the trend observed in these
materials. The investigation of phase behavior as a function of temperature only does not
allow one to assess how energetically favorable or unfavorable packing is to segmental
mixing. However, such information can be easily obtained from SANS measurements
under hydrostatic pressure, since this technique gives access to the pressure coefficient of
a thermodynamic transition, and, hence, the sign of AVix through the Clausius-
Clapeyron equation. The effect of pressure on the phase behavior of the materials listed
in Table 111.1 is described in the next sections.
TABLE 111.1: SUMMARY OF PHASE BEHAVIOR AND TRANSITION
TEMPERATURES FOR SYMMETRIC PS-b-PNAMA
Copolymer Type of Transition temperature
behavior
PS-b-PLMA UDOT 30K, 45K: >200*C
n=12 19K: 135± 5C
PS-b-POMA UDOT 23K: <100 0C
n=8 43K: >2000C
27K mixt.: 135 ±5*C
PS-b-PHMA UDOT 28K: <1000C
n=6 46K: >2000C
34.3K mixt.: 162 ± 2.5 *C
PSda-bPBMA* LDOT 78K: 185 50C (LDOT)
n=4 + UDOT 85K: 155*C 54C (LDOT)
110K: always ordered
PS-b-PPMA LDOT 110K: 200*C ±50C
n= 136K: 155±20C
PS-b-PEMA LDOT 77K mixt.: 1850C
n=2I OK always ordered
PS-b-PMMA UDOT 28K: <1000C
n=1 27K: <100*C
*Only the LDOTs are given.
111.2. PHASE BEHAVIOR AS A FUNCTION OF PRESSURE
111.2.1. LDOT-type block copolymers (2 n 4)
As explained in Chapter I, LDOT-type block copolymers are expected to display
an increase in thermodynamic compatiblity with increasing pressure, which results from
the denser nature of the segmentally mixed state in these materials (AVmix or AVdis<0).
The effect of pressure on the LDOT of 136K PS-b-PPMA is illustrated in Figure 111.14
where the scattering profile is shown for a fixed temperature of 190*C as a function of
pressure. At this temperature and at atmospheric pressure, the block copolymer is fully
microphase separated as evidenced by the sharp reflection at a wave vector q - 0.0 158
A-1. However, with increasing pressure, the intensity of the reflection decreases
dramatically. In fact, at pressures exceeding 0.33 kbar, the intense, narrow reflection of
the ordered state changes abruptly to a broad reflection, signifying the onset of segmental
mixing upon the application of pressure. Hence, at a fixed temperature of 190"C, an
order/disorder transition pressure can be identified which lies between 0.33 and 0.5 kbar
(see inset of Figure III. 14). Likewise, at a fixed pressure of 0.33 kbar, an order/disorder
transition temperature is observed at - 190*C, as shown in Figure 111.15. At atmospheric
pressure, on the other hand, the transition temperature was approximately 155'C (Table
111.2). This indicates that the LDOT has increased by approximately 350C upon the
application of 0.33 kbar of hydrostatic pressure, which yields a rough estimate of the
pressure coefficient dTLDoT/dP for the LDOT of this material of about 106"C/kbar.
Unfortunately, the pressure increments used here limit the accuracy of dTLDOT/dP to
within ± 10C.
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However, it was found that a more precise estimate of this coefficient could be obtained
upon constructing master curves for Imax and FWHM as a function of temperature by
pressure-temperature superposition, as described below.
Figure 111.16 shows the temperature dependence of the FWHM and peak intensity
Imax at a series of pressures. At each pressure, the FWHM decreases and the peak
intensity Imax increases with increasing temperature, as expected for this LDOT block
copolymer. At atmospheric pressure, a discontinuous decrease in the FWHM and
increase in the peak intensity Imax are observed between 150 and 1600C, confirming the
LDOT at - 155 0C and atmospheric pressure for this material. At 0.17 kbar, the LDOT
has shifted to a higher temperature, between 160 and 180C. Unfortunately, data taken at
170'C are missing due to a mechanical malfunction which occured at that temperature,
and a finer estimate of the LDOT at 0.17 kbar can therefore not be obtained. The
examination of the temperature dependence of the FWHM and Imax at different pressures
indicates that a simple horizontal shift along the temperature axis will generate universal
curves for these two parameters. The magnitude of the shift quantifies the equivalence
between pressure and temperature for these block copolymers. Shown in Figure 111.17
are the master curves at atmospheric pressure for Imax and FWHM, generated by
horizontal shifting of the data from Figure 111.16. The shift factor for each pressure was
calculated, assuming the following linear relationship between temperature and pressure:
dT
AT = (P-P0 ) (111.2)dP
where Po is the reference pressure (one atmosphere) and the negative sign results from
the fact that higher pressure data need to be shifted to the left (higher P is equivalent to
lower T for LDOT systems). Pressure-temperature superposition using a constant value
for dTIdP of 90"C results in substantial overlap between data taken at successive
pressures, yielding master curves for Imax and FWHM over an extended temperature
range which display discontinuities at ~ 155 0C, the LDOT at atmospheric pressure. The
coefficient dTIdP used in equation I.2 quantifies the equivalence between pressure and
temperature for this material, yielding a more accurate estimate of dTLDOT/dP of -
90"C/kbar. This coefficient is about 5 times greater than that obtained for the UDOT-
type systems studied thus far."
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Similar results for -79K PS-b-PEMA yielded a pressure coefficient dTLDOT/dP of
100 C/kbar for this block copolymer, while our preliminary results obtained in
collaboration with M. Pollard and T. P. Russell had yielded an even larger coefficient of
~ 1470C/kbar for PS-b-PBMA. These results indicate that hydrostatic pressure is a very
effective means of driving these LDOT-type block copolymers from the ordered to the
disordered state. In terms of the rheological properties, this means that pressure at a
constant temperature can be used to force the material to flow. Such "baroplastic"
behavior could be highly advantageous for processing thermoplastic elastomers.
111.2.2. UDOT-type block copolymers (6 9 n 12 and n = 1)
Although the block copolymers with long side chain methacrylates, namely, PS-b-
PHMA, PS-b-POMA and PS-b-PLMA, were found to exhibit very similar behaviors as a
function of temperature, pressure studies revealed important differences among these
materials. For UCST/UDOT-type materials, the sign of the pressure coefficient
dTuDOT/dP is dictated by that of AVmix, and, hence, by how efficiently the dissimilar
segment types can pack in the mixed state.
Figure 111.18 shows the effect of pressure at a temperature of 140C on - 34.3K
PS-b-PHMA. At atmospheric pressure, this block copolymer undergoes a UDOT at
162*C, and is hence fully ordered at 140*C. However, upon the application of hydrostatic
pressure at 140*C, the material undergoes an order-disorder transition, as evidenced by
the strong decrease in peak intensity and increase in peak width between 0.17 and 0.33
kbar (see inset of Figure 111.18). Such a pressure-induced transition implies a negative
change in volume upon disordering (segmental mixing) for this block copolymer (AVmix <
0). Hence, although segmental mixing at atmospheric pressure is enthalpically
unfavorable, efficient packing in the segmentally mixed state leads to a strong increase in
thermodynamic compatibility upon applying pressure to this material. From the data
taken at various pressures and temperatures, master curves were constructed for Imax and
FWHM, as described above. A constant dTUDOT/dP of -60'C was found to result in
substantial overlap of the curves obtained at a series of pressures, as shown in Figure
III. 19. Despite its UDOT-type nature, this block copolymer is thus characterized by a
strong pressure sensitivity, in fact, closer to that of LDOT-type systems. This result is
very encouraging from a processing standpoint, since it points to an additional lever
which could be used in conjunction with temperature to induce flow in these UDOT-type
block copolymers. It is further in contrast with the rather weak pressure dependence
reported for all the other UDOT-type systems studied so far.
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Figure III.18: Scattering intensity profile for 34.3K PS-b-PHMA at 140*C and
at indicated pressures.
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Figure 111.19: Master curves for Ima, and FWHM for 34.3K PS-b-PHMA
Although pressure was also found to induce miscibility in PS-b-POMA, pointing
to a AVmx <0 for this system, a very small coefficient of - -50C/kbar was obtained. This
decrease in dTuDoT/dP upon lengthening the alkyl side chain from 6 to 8 carbon atoms is
consistent with a simultaneous increase in the unfavorable enthalpic interactions between
the two segment types (larger Ac), and a decrease in packing efficiency in the
segmentally mixed state (AVmix negative but smaller in magnitude). In fact, the free
energy to be gained upon squeezing the "excess volume" associated with the ordered state
of this block copolymer is so small that, at the highest pressures, the block miscibility is
actually reduced. This is evident upon considering the master curves for Imax and FWHM
shown in Figure 111.20, constructed this time by shifting various isotherms along the
pressure axis around a reference temperature of 137*C. At the highest pressures, the peak
intensity starts to increase, while the FWHM starts decreasing. These departures from
the low pressure trend indicate that, at high pressure, the phase behavior is governed by
the increase in unfavorable interaction energy which results from the decrease in free
volume. Similar changes in the effect of pressure on thermodynamic compatibility as
pressure increases have been reported by Schwann and coworkers09 for block copolymers
of PEP and PDMS.
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Figure 111.20: Master curves for Ima and FWHM as a function of pressure at a
reference temperature of 137 0C for 27K PS-b-POMA
Based on these observations, it is in fact not surprising that upon further
increasing the alkyl side chain length to 12 carbon atoms, the pressure coefficient for the
UDOT dToTDo/dP actually changes sign. Figure 111.21 shows the effect of pressure on
19K PSd8-b-PLMA. This material undergoes a UDOT at atmospheric pressure at ~
135 0C, and is therefore segmentally mixed at 140"C. However, upon the application of
pressure, the system becomes incompatible and undergoes an ordering transition between
0.17 and 0.33 kbar at this temperature (see inset of Figure I.21). Upon constructing the
master plots for Imax and the FWHM shown in Figure 111.22, a positive pressure
coefficient for the UDOT of dTuDoT/dP - + 130C/kbar is obtained for this material.
Thus, for this highly branched methacrylate, the incompatibility between the two blocks
results from increasingly unfavorable enthalpic interactions combined with inefficient
packing in the segmentally mixed state (AVmix > 0) for these two asymmetric monomers.
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Figure 111.21: Scattering intensity profile for 19K PS-b-PLMA at 1400C
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Similar results were obtained for PS-b-PMMA, the first member of the series of
block copolymers investigated here. Figure 111.23 shows the effect of pressure on 27.6K
PSd8-b-PMMA at 160 0C. Although this block copolymer is always disordered, the
distinct increase in Imax and decrease in FWHM points to a decrease in thermodynamic
compatibility with increasing pressure for this system. Unfortunately, the ordering
transition is not accessible for this material since it lies below the glass transition
temperature. However, an estimate of the pressure coefficient dT/dP in the segmentally
mixed state can still be obtained by superimposing the data obtained at various pressures
as a function of temperature. In this manner, a pressure coefficient of ~ 230C/kbar was
extracted for PSds-b-PMMA.
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Figure 111.23: Scattering intensity profile for 27.6K PSds-b-PMMA at 160*C and
indicated pressures
111.2.3. Summary
The effect of pressure on the phase behavior of the styrene/alkyl methacrylate
block copolymers studied in this chapter is summarized in Table 111.3 where the type of
phase behavior, the sign of AVmix (change in volume upon segmental mixing or
disordering of the block copolymer) and the pressure coefficient of the ordering transition
dTODT/dP are given.
TABLE 111.2: PRESSURE COEFFICIENTS OF PS-B-PNAMA
Copolymer
PS-b-PLMA
PS-b-POMA
PS-b-PHMA
PSds-b-PBMA
PS-b-PPMA
PS-b-PEMA
PS-b-PMMA
Type of
behavior
UDOT
UDOT
UDOT
LDOT
LDOT
LDOT
UDOT
sign of
AV x
...
Pressure coefficient
dT/dP ("C/kbar)
- 13
-- 5
~-60
- 147
~90
~100
- 23
These results, combined with those obtained as a function of temperature, point to
a distinct linkage between packing and energetics which, for intermediate side chain
lengths, is favorable to mixing at low temperatures and leads to the LDOT. For
copolymers with longer alkyl side chains, on the other hand, the loss of compatibility at
low temperatures can be ascribed to a simultaneous increase in unfavorable interaction
energy and decrease in packing efficiency in the segmentally mixed state. This is evident
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upon considering the steadily increasing enthalpic contribution to the interaction
parameter X (Figure I.7) and the change in sign of AVmix with increasing n.
From a engineering standpoint, the large pressure coefficients of, not only the
three LDOT-type systems, but also PS-b-PHMA, are particularly valuable. Indeed, in all
four of these systems, pressure can be used effectively to force segmental miscibility and,
hence, liquid-like rheological properties. The ability to molecularly engineer such
pressure- and temperature-tunable thermodynamic and rheological behavior into new
systems is the subject of the next two chapters of this thesis.
CHAPTER IV: A PREDICTIVE TOOL FOR THE DESIGN OF
BLOCK COPOLYMER PHASE BEHAVIOR
IV. 1. GC/LF MODEL CALCULATIONS
IV.1.1. Styrene/n-Alkyl Methacrylates
Although thermodynamic modeling of the complex phase behavior observed
across the family of PS-b-PnAMA is reserved for the end of this thesis, simple group
contribution/Lattice Fluid model calculations that qualitatively support the experimental
findings reported in Chapter III are presented here. In the next section and in Chapter V,
the use of these calculations as a predictive tool to molecularly engineer the phase
behavior of new systems is presented.
Solubility parameters for each homopolymer used in this thesis were calculated
using group contribution methods, according to Van Krevelen. The details of these
calculations are included in Appendix A.IV and the calculated (5 for styrene and the
series of alkyl methacrylates are given in Table A.IV.3. Figure IV. 1 shows d5for the n-
alkyl methacrylate homopolymers as a function of the number of hydrocarbons n in the
alkyl side chain, ranging from n = 1 (PMMA) to n = 12 (PLMA). The value of dfor the
methacrylate monotonically decreases with increasing alkyl side chain length, which is
consistent with the reported decrease in the glass transition temperature 129, and indicates a
progressive weakening of intermolecular interactions in this series homopolymers. An
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intermediate value is obtained for polystyrene, however, which lies closest to that of
PBMA. This qualitatively supports the observation of a maximum in thermodynamic
compatibility (or minimum in I AiS| or A.) between the styrene and the methacrylate
block for intermediate side chain lengths. For the particular formalism chosen here, the
solubility parameter analysis predicts the maximum to occur around PBMA (see inset of
Figure IV. 1), while the results presented in Chapter III suggest PS/PPMA is the most
compatible system. However, the low accuracy of experimental values of (, combined
with the strong sensitivity of calculated values on the particular formalism chosen,
complicate the use of this analysis as a quantitative predictive tool. Nevertheless, the
success of these calculations at capturing the main thermodynamic trends for this family
of materials is encouraging.
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Figure IV. 1: Calculated solubility parameters for poly n-alkyl methacrylates as a function
of the # of hydrocarbons n in the alkyl side chain. The value for PS is indicated by the
arrow. The inset represents the difference (5s-8AMA) 2.
In fact, solubility parameters, having units of (energy/volume) , seem to
precisely reflect the linkage between packing and energetics which emerged from the
pressure and temperature studies presented in Chapter III. Such coupling should also be
apparent in densities or specific volumes. Therefore, comparison of the styrene and n-
alkyl methacrylate homopolymer specific volumes might shed additional light on the
observed trend in phase behavior across the homologous copolymer series.
To this end, the Sanchez-Lacombe44'6 lattice fluid (LF) model was used to
predict the specific volume vspec of each homopolymer as a function of temperature.
Specific volume was chosen rather than segmental volume, because the former is
normalized with respect to the repeating unit molecular weight, thereby reflecting better
the degree of cohesion expected for a given chemistry. The LF equation of state in the
long chain limit (equation I. 17.b) was solved for each homopolymer for temperatures
ranging from 100 to 200*C, using the equation of state parameters p*, T*, and P* listed
in Table A.IV.3 of Appendix A.IV. These were calculated for each homopolymer using
the group contributions listed in Table A.IV.2." Comparison with experimental PVT
data was used, whenever possible, to test the accuracy of these calculations.83 Reasonable
to excellent agreement was obtained. The advantage of such analysis compared to the
solubility parameter analysis presented above is its higher degree of accuracy,
independent of the particular equation of state used.
Figure IV.2 represents the calculated vspec for each homopolymer as a function of
temperature. Again, it is seen that as the side chain length is increased from n=1 to n=12,
the specific volume progresses from below (PMMA) to greatly above (PLMA) the values
obtained for PS, while a close match is found for PPMA over the whole temperature
range. The similarity between the curves obtained for PS and PPMA is striking, although
a distinct difference in slope, and therefore in the thermal expansion coefficients of the
two components, is apparent. This testifies to differences in self-interaction energy and
packing efficiency for each of the components, although their resulting densities are very
similar. Such differences are ultimately the origin of the LDOT behavior in this system.
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Figure IV.2: Calculated specific volumes for poly n-alkyl methacrylates and PS. The inset
shows the increase in vspec with increasing side chain length at a fixed temperature of
120'C. The value for PS is indicated by the arrow.
In light of these results, the loss of thermodynamic compatibility for copolymers
with longer alkyl side chains can be rationalized in the following manner. First, the
magnitude of A, increases with increasing number of hydrocarbons in the alkyl side
chain for n > 6, as indicated by the calculated solubility parameters. This correlates very
well with the increasing temperature-dependent portion of the fitted X parameters in
going from PS-b-PHMA to PS-b-PLMA. Additionally, the increasing mismatch in
monomer structure reflected in a mismatch in specific volumes results in a decreasing
ability to pack in the segmentally mixed state. This correlates very well with the
observed change in sign for AVmix from negative to positive with increasing side chain
length. The group contribution calculations of Vspec and dthus support a picture of
increasing asymmetry in both monomer structure and self-interaction energy for n>4
which also emerged from the experimental investigation.
IV.1.2. Other styrene-based miscible blends
The solubility parameter o and the specific volume Vspec are two homopolymer
properties that reflect the degree of cohesion expected for a given chemistry. The
calculations presented above further suggest that a close match in not only 8 but also
Vspc leads to thermodynamic compatibility of two weakly interacting homopolymers and
the LDOT/LCST at high temperatures. In an attempt to confront this observation with
existing literature on polymer blend compatibility, 5and Vspec were calculated for other
homopolymers known to be miscible with polystyrene and exhibit the LCST. These
systems include: PS/poly vinyl methyl ether (PS/PVME)4,-o2,130 , PS/poly cyclohexyl
methacrylate (PS/PCHMA)",-133 PS/poly cyclohexyl acrylate (PS/PCHA)'''3 5 and
PS/poly-para-phenylene oxide (PS/PPO).'103' The calculated 8 and EOS parameters for
these homopolymers can be found in Table A.IV.4 of Appendix A.IV. In fact, it is found
that the same conclusions hold for these systems as well. The solubility parameters of
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these four homopolymers (18.5, 18.7, 18.2 and 18.8, respectively) are close to that of PS
(18.2), while their predicted specific volumes fall within the limits of PEMA to PBMA,
as shown in Figure IV.3. Moreover, it is well known that while PVME is miscible with
PS, replacing the methyl side group by an ethyl or bulkier isobutyl group, yielding poly
vinyl ethyl ether (PVEE) and poly vinyl isobutyl ether (PVIBE), respectively, leads to
thermodynamic incompatibility and the UCST. 12,13' This trend is also successfully
captured by the GC/EOS calculations since they predict much lower values of the
solubility parameter for these ethers (17.2 and 16.55 respectively) combined with specific
volumes that exceed by far that of PBMA, as can be seen on Figure IV.3.
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Figure IV.3: Calculated specific volumes of PVME (&18.5), PVEE (9= 17.2), PVIBE
(4=16.55), PCHMA(9=18.7), PCHA (&18.2), PPO (4=18.8) and PS (5=18.2). For
comparison, the values obtained for PMMA, PEMA, PBMA and PLMA are also shown.
IV.2. MOLECULAR DESIGN OF LDOT IN PS-B-PNAMA
IV.2.1. Anionically prepared PS-b-P(MMA-r-LMA)
The success of the group contribution calculations in capturing the general trends
in phase behavior for the styrene/n-alkyl methacrylate family as well as other known
miscible pairs inspired the following test of their predictive capability. A new styrene-
methacrylate block copolymer that would exhibit the LDOT was designed and
synthesized, whereby the methacrylate block is a random copolymer of two
methacrylates that are individually immiscible with PS and also mutually immiscible,
namely, MMA and LMA. It was indeed expected that the combination of a highly
cohesive monomer such as MMA with a much more weakly cohesive one such as PLMA
might result in a polymer with intermediate properties closer to those of PS. The
composition of the random methacrylate block, denoted P(MMA-r-LMA), was selected
by matching the specific volume and solubility parameter of the random copolymer to
that of polystyrene based on the group contribution/LF EOS calculations. In keeping
with the intrinsic additivity assumption of group contribution models, the random
copolymer sequence distribution was neglected. Hence, the random copolymer was
treated as a regular homopolymer with a repeat unit consisting of x moles of MMA and
(1 -x) moles of LMA. A close match in c and Vspec, i.e., within the bounds of EMA to
BMA, can be obtained for compositions ranging from 92 to 72.5 mol% MMA (82 to 51
wt%). This is shown in Figure IV.4 where Vspec and 5 (inset) are given for various
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compositions of MMA in P(MMA-r-LMA). For the present exercise, a composition of
74 mol% MMA (53 wt%) was chosen, yielding a Sof 18.25 (J/cm3)1/2 and a vspec at 120 0C
of 1.0021 cm 3/g. The resulting random copolymer block is expected to have properties
similar to PBMA (i= 18.3 (J/cm3)1/2, vspec at 120"C = 0.99 cm3/g). Note that the same
composition serves to match both Sand Vspec. The new block copolymer, denoted PS-b-
P(MMA-r-LMA), was synthesized anionically and characterized as described in Chapter
II, and has a total molecular weight of 80,000 g/mol (80K), a PDI of 1.05 and contains
50wt% of PS.
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Figure IV.4: Calculated 3 (left) and vspec (right) of P(MMA-r-LMA)
for various compositions.
SANS profiles obtained for 80K PS-b-P(MMA-r-LMA) are shown in Figure IV.5.
Clearly, this material is in the disordered state for temperatures below 160*C, as
evidenced by the broad scattering maximum around q=0.022 A-'. Between 160 and
175 0C, the peak intensifies and sharpens, indicating the onset of order and, hence, the
presence of a LDOT for this block copolymer. This coincides remarkably well with 85K
PSd8-b-PBMA, which orders at 155"C.
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Figure IV.5: Scattering intensity profile for 80K PS-b-P(MMA-r-LMA) at
indicated temperatures
The similarity in phase behavior for these two materials is further detected in the
effect of pressure on the LDOT of this new block copolymer. Figure IV.6 shows the
scattering profile as a function of pressure at a temperature of 1650C, at which the system
is microphase separated. At this temperature, the application of as little as 0.17 kbar is
sufficient to drive the system into the segmentally mixed state, as evidenced by the
distinct decrease in peak intensity and increase in FWHM between atmospheric pressure
and 0.17 kbar (see inset of Figure IV.6). Data obtained as a function of pressure at
various temperatures yield a strong pressure coefficient of ~ 150*C/kbar for PS-b-
P(MMA-r-LMA), which can be used to construct the master plots for Imax and FWHM
shown in Figure IV.7. This coefficient is very similar to that obtained for PS-b-PBMA
and further confirms the similarity in phase behavior for these two materials. On the
other hand, the contrast between the phase behavior of PS-b-P(MMA-r-LMA) and that of
both PS-b-PMMA and PS-b-PLMA, which only exhibit the UDOT, is indisputable.
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Thus, by preparing the methacrylate block as a random sequence of short and
long alkyl side chain methacrylates, a new system can be designed which exhibits a
phase behavior similar to that obtained for block copolymers with intermediate side
chain methacrylates, namely, the LDOT and the strong pressure sensitivity which ensues.
This exercise, illustrated in Figure IV.8, suggests a simple, semi-quantitative approach to
designing the phase behavior of weakly interacting block copolymers such as
styrene/alkyl methacrylates.
PS PMMA
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side chains:
UDOT
dTUDoT/dP -
23"C/kbar
PS
A disordered
PLMA
Long
Side chains:
UDOT
dTUDoT/dP
~ 13"C/kbar
PS P(MMA-r-LMA)
ordered
disordered
Random sequence of
short and long side chains:
LDOT
dTLDoT/dP ~ 150"C/kbar
Figure IV.8: Molecular design of LDOT in PS-b-P(MMA-r-LMA)
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IV.2.2. Analogy to PMMA/SAN miscible blends
In fact, a similar mechanism of mixing can be invoked to explain the widely
known compatibilization of PS and PMMA through the copolymerization of styrene with
acrylonitrile (AN)" , methacrylonitrile (MAN) or maleic anhydride (MAnh). 12 In
all of these systems, the random copolymerization of S, which has a lower 5and larger
vspec than PMMA, with a more strongly cohesive and denser homopolymer such as AN
(larger 3, smaller vspec), results in copolymers with intermediate cohesive properties
which are miscible with PMMA. This is illustrated for the PMMA/SAN system in Figure
IV.9 where the solubility parameter and specific volumes of PMMA, PS, PAN and SAN
are given for various compositions of the SAN copolymer. These were obtained from the
group contribution/LF EOS calculations presented above and the parameters used for
poly(acrylonitrile) (PAN) are given in Table A.IV.4. The compositional range over
which PMMA/SAN blends are compatible and exhibit the LCST has been investigated
experimentally by several authors and is reported to span 10 to 38wt% of AN. Our
calculations suggest that this range corresponds to compositions for which the cohesive
properties of PMMA can be matched with a combination of S and AN, thereby resulting
in miscibility and the LCST as temperature increases. Curves for vspec and Sentirely
similar to those presented in Figure IV.9 for PMMA/SAN can be constructed for the
PMMA/SMAN and PMMA/SMAnh systems. The simple predictive tool for the
molecular design of miscibility in blends and block copolymers presented here can thus
be generalized to other weakly interacting systems than styrene/n-alkyl methacrylates.
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Figure IV.9: Calculated specific volumes of PS, PAN, PMMA and SAN
containing 33 wt% AN. The inset shows sANas a function of composition.
5 PMMA is indicated by the arrow.
IV.2.3. A quantitative prediction of the miscibility window for PS-
b-P(MMA-r-LMA)
The group contribution/LF EOS calculations applied to PS-b-P(MMA-r-LMA)
indicate that a close match with the cohesive properties of PS can be obtained for
compositions ranging from 82 to 51 wt% MMA in the methacrylate block. In an attempt
to appraise the quantitative use of this predictive tool, several additional block
copolymers between styrene and P(MMA-r-LMA) were prepared, with various amounts
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of MMA in the methacrylate block. To further illustrate how the predictive tool
developed in this chapter could be used in combination with more versatile and
industrially amenable synthesis methods than anionic polymerization, these new block
copolymers were prepared by ATRP as described in section 11.1.2.b.
To confirm the ability of ATRP to produce block copolymers with phase
behaviors similar to those observed for anionically synthesized materials, a control PS-b-
P(MMA-r-LMA) was synthesized first, where the methacrylate block had the same
composition as the anionic material studied in section IV.2.1, namely, 53 wt% MMA.
Indeed, despite the increasing interest that ATRP has gained over the last 4 years, little
information has been published regarding the resulting properties of block copolymers
prepared in this manner. However, some important differences between ATRP and
anionic polymerization that might affect phase behavior can be readily identified.
Firstly, since ATRP is a free radical polymerization method, differences in the
monomer addition mechanisms and resulting tacticities can be expected which might
alter thermodynamics. Secondly, ATRP block copolymers are rarely perfectly pure
since removal of the transition metal halide is very difficult when the monomers used
display some affinity for this catalyst. These impurities, even if present in small
amounts, might affect the thermodynamics in block copolymers comprising monomers
such as methacrylates, which tend to form complexes with these metallic salts. Thirdly,
and perhaps most importantly, while anionically prepared block copolymers typically
have small polydispersity indices (PDI) of -1.01-1.05, the same materials lose their
narrow molecular weight distribution when prepared by ATRP since the latter method is
not truly living. This polydispersity in chain length further leads to compositional
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polydispersity when block copolymers are prepared, since the first block has, at best,
PDI's of - 1.1-1.4.
Figure IV. 10 shows the GPC traces of ATRP P(MMA-r-LMA) homopolymer
containing 53 wt% of MMA and the PS-b-P(MMA-r-LMA) block copolymer obtained
upon extending this material with styrene monomer. The successful preparation of a
block copolymer is evident upon considering the shift in peak position in going from the
methacrylate homopolymer to the block copolymer. Although quite broad (PDI ~ 1.315),
the molecular weight distribution of the copolymer is monomodal, precluding the
presence of substantial unreacted P(MMA-r-LMA) homopolymer. The average
composition of this material, as determined by NMR, is 60 wt% PS, and 53wt% MMA
within the methacrylate block. A total molecular weight of -43,000 g/mol was extracted
from the NMR data and the molecular weight of the P(MMA-r-LMA) first block
determined with respect to PMMA standards (20,000 g/mol).
PS-b-P(MMA-r-LMA) P(MMA-r-LMA)
Mn - 43,000 g/mol Mn 20,000 g/mol
PDI = 1.315 PDI = 1.18
0 5 10 15 20 25 30 35 40
elution volume (ml)
Figure IV. 10: GPC trace for 43K PS-b-P(MMA-r-LMA) (ATRP)
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Figure IV. 11 shows the storage (G') and loss (G") moduli of this block copolymer
as a function of reduced frequency at various temperatures, time/temperature
superimposed about a reference temperature of 150C. This block copolymer is in the
disordered state in the temperature range investigated (150-200'C), as evidenced by the
low-frequency scaling of G'~ do and G"- co. Moreover, the scattering data shown in
Figure IV. 12 indicate that this block copolymer indeed displays the LDOT-type phase
behavior, since the peak intensity Imax increases and the FWHM decreases monotonically
with increasing temperature (see inset of Figure IV. 12). Hence, although the LDOT lies
outside the experimental temperature range for this lower molecular weight material
(43K versus 80K for the anionic diblock), these results indicate that ATRP can be
successfully used to prepare block copolymers that behave similarly to their anionic
counterparts.
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Figure IV. 11: Master curves for G' and G" for 43K
PS-b-P(MMA-r-LMA) (ATRP)
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Figure IV. 12: Scattering intensity profile for
43KPS-b-P(MMA-r-LMA) (ATRP)
However, an important observation to be made upon further inspection of the
scattering data presented in Figure IV. 12 is the gradual increase in q* as temperature
increases, which is in contrast to what is typically observed for anionically prepared
monodisperse block copolymers. Indeed, typically, q*, which is inversely proportional to
the preferred length scale of the local concentration fluctuations, decreases as a block
copolymer becomes less compatible, due to a gradual stretching of the copolymer blocks
away from their junction points upon approaching the ordering transition.4''' Here, the
opposite is observed, namely, the characteristic length scale of the local concentration
fluctuations decreases (q* increases) as the strength of these fluctuations increases (Imax
increases). This is illustrated in Figure IV. 13.a where q* and Ima, as obtained from a
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gaussian fit to the scattering data, are given as a function of temperature for this ATRP
PS-b-P(MMA-r-LMA). For comparison, the trend observed for anionically prepared PS-
b-P(MMA-r-LMA) is given in Figure IV.13.b.
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Figure IV. 13: Variation of scattering peak position q* with temperature for (a) 43K
PS-b-P(MMA-r-LMA) (ATRP) and (b) 80K PS-b-P(MMA-r-LMA) (anionic)
In order to explain the anomalous shift in peak position for the ATRP block
copolymer, the molecular weight and compositional polydispersity characterizing such
materials must be invoked. Indeed, at low temperatures away from the LDOT, the
longest copolymer chains as well as those closer to the symmetric composition are
expected to undergo the strongest local concentration fluctuations since they are, at that
temperature, closer to the microphase separation condition. These chains thus dictate the
shape of the scattering profile at low temperature. However, as temperature increases,
the shorter or more asymmetric copolymer chains also start approaching the microphase
separation condition, leading to a shift of the correlation hole peak to the left, i.e., to a
smaller length scale of average fluctuations . It is important to note, however, that the
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system does not macrophase separate at any of the temperatures investigated, since this
would lead to a strong increase in the low q scattering which is not observed here. 44
Hence, the scattering maximum observed for this polydisperse block copolymer in the
disordered state can be thought of as an average correlation hole peak that, at
temperatures far below the ordering transition, weights more strongly the longest
copolymer chains. As temperature increases, the contribution of the shorter chains to this
scattering peak increases, thus leading to a progressive shift of its position to larger q*
values. Ultimately, at the microphase separation transition (not observed in Figure
IV. 12) the system adopts an averaged domain spacing dictated by the overall entropic
frustration of the distribution of copolymer chains as well as the interfacial area between
the two dissimilar blocks. An analogous trend in peak position, although in the
microphase separated state, was recently reported by Yamaguchi et al. for binary blends
of two monodisperse block copolymers of different molecular weight and chain
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composition.
Despite the effect described above, which can be reasonably ascribed to
polydispersity, the overall similarity in phase behavior between PS-b-P(MMA-r-LMA)
prepared by ATRP and anionic routes is manifest. A drastically different phase behavior
was observed, however, upon decreasing the MMA content of the methacrylate random
block from 53 to 47 wt%. Figure IV. 14 shows the scattering intensity profile obtained
for -75K ATRP PS-b-P(MMA-r-LMA) where the methacrylate block contains only 47
wt% of MMA, while the total block copolymer, with a PDI of ~ 1.34, contains 58 wt% of
PS. The distinct decrease in scattering intensity as temperature increases indicates that
this block copolymer exhibits UDOT-type phase behavior. Moreover, this block
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copolymer is actually found to undergo an order/disorder transition between 115 and
135"C, as evidenced by the discontinuous increase in peak width FWHM and decrease in
peak intensity Imax (see inset of Figure IV. 14). These results, summarized in Table IV. 1,
point to an extreme sensitivity of the phase behavior of PS-b-P(MMA-r-LMA) on the
MMA content of the methacrylate block which, in fact, precisely mirrors the strong
influence of the alkyl side chain length of the methacrylate block on the phase behavior
of PS-b-PnAMA presented in Chapter III. They further indicate that, for this particular
family of weakly interacting block copolymers, the predictive tool based on simple group
contribution/LF EOS calculations presented above can be used quantitatively to control
bulk thermodynamics and resulting rheological properties.
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Figure IV. 14: Scattering intensity profile for 75K PS-b-P(MMA-r-LMA)
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TABLE IV.1. PHASE BEHAVIOR OF PS-B-P(MMA-R-LMA)
copolymer MMA:LMA type of behavior
(wt %)
80K PS-b-P(MMA-r-LMA) ~ 53:47 LDOT
(anionic) 
- 1600C
43K PS-b-P(MMA-r-LMA) - 53:47 LDOT
(ATRP) > 2200C
75K PS-b-P(MMA-r-LMA) - 47:53 UDOT
(ATRP) 
~ 1200C
IV.3. DEPARTURES FROM THE GC/LF EOS CALCULATIONS
IV.3.1. Polyolefin blends and the packing length
The experimental results presented in Chapter III for the series of styrene/n-alkyl
methacrylate block copolymers point to a direct relation between packing and energetics,
which is further supported by the GC/LF EOS calculations presented in this Chapter.
These calculations suggest that two weakly interacting systems with similar cohesive
properties, represented by their solubility parameter and density, should be miscible. In
fact, similar effects have been observed experimentally 3 -6 and predicted
theoretically6'' for even the simplest polymer blends based entirely on polyolefins.
In these systems where the intersegmental interactions are restricted to very weak VDW
(dispersive) forces, any asymmetry in monomer structure, and the local packing
constraints which ensue, has an effect on blend compatibility. Therefore, only
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components with very similar degrees of branching form miscible blends, while those
with increasing structural asymmetries are characterized by large experimentally
determined X parameters.
While these conclusions seem to relate closely to those drawn so far in this thesis,
different requirements on what is referred to as "local monomer structure" can be
identified. For the systems investigated in this thesis, wherein segmental interactions are
not purely dispersive but can also be of the dipole/induced dipole type, it is found that
solubility parameters and densities are the relevant parameters reflecting the similarity in
local structure and energetics necessary for mixing. However, in blends consisting purely
of polyolefins, some systems with matching densities and solubility parameters are
known experimentally to form immiscible pairs. Perhaps the most compelling example
is the miscibility of isotatic or atactic polypropylene (PP) with several matching
copolymers of ethylene and a-olefins such as butene or hexene, while syndiotactic PP is
immiscible with the same copolymers. Moreover, the isotactic and atactic versions of
PP are mutually miscible, while neither is miscible with its syndiotactic counterpart. 14
These observations clearly deviate from the trend identified in this thesis, since the three
isomers of PP have similar predicted (based on GC/EOS) and measured '4' 1 and vspec
values. However, they differ strongly in their backbone stiffness, characterized by the
Flory characteristic ratio ce, defined as follows":
c= 2(R2 or (R = cN,,,,, 2  (IV.
Nbonds I
where (R 2) is the unperturbed mean-square end-to-end distance of a polymer coil
containing Nboo, backbone bonds of length 1. Hence, the characteristic ratio c. is a
I1
measure of how extended a polymer coil is compared to a freely jointed chain of Nod,
elements of length 1. Alternatively, the chain dimensions and measure of chain flexibility
can also be expressed in terms of the statistical segment length a, which is related to c,:
(R 2= C Nonds 2 = Na2 (IV.2)
where N is the number of statistical segments, typically defined as the number of repeat
units or degree of polymerization, and a is the statistical length of the repeat unit. For
vinyl monomers, each repeat unit contains 2 backbone bonds and N = 2 Nond which leads
to:
a 2 = 2c.l 2  (IV.3)
While c, for the isotactic and atactic isomers of PP is about 6.0 (a ~ 5.3 A), syndiotactic
PP is a much stiffer chain with a characteristic ratio of about 9.3 (a ~ 6.6 A).' These
observations thus points to an additional requirement for miscibility in these purely van
der Waals systems besides matching solubility parameters and densities, namely, a
similarity in chain aspect ratio or backbone stiffness.
A molecular parameter that appears to captures these differences was introduced
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by Witten, Milner and Wang, namely the packing length p. The packing length is
defined as the total volume occupied by a chain, V = M /Nav , divided by its mean-
p
square end-to-end distance (R 2):
= pMINay (I1.4)P((RQ ) 
where M is the chain molecular weight (g/mol), p is the polymer density (g/cm 3 ) and Nav
is Avogadro's number. Since M is given by the number of segments N multiplied by the
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segment molecular weight Mu and (R2) is given by Na2 , an alternative expression for p
can be derived:
NMuIN (IV.5)
P (Na2p) a2p
Equation IV.5 clearly shows how the packing length p captures the details of monomer
structure, governed by the monomer volume v. = a, and its statistical length a.
p
One can thus think of a polymer chain as being made up of freely jointed cylinders of
diameter d, volume vu and length a. Given this model of the polymer chain, the packing
length p is thus related to the monomer aspect ratio (dia) and length a as follows:
MJNav _ v- a (d 2
p = 2 2 = a = 2 ~ a (IV.6)
a p a a a
Polymers made up of long and/or skinny monomers, such as linear PE, are thus
characterized by a small packing length, while fat repeat units, such those of branched
polymers, have large packing lengths.125,148,149
Isotatic and atactic PP have very similar packing lengths (3.24 and 3.12 A
respectively), while the syndiotactic isomer has a much smaller packing length of 2.12 A.
While these differences are related to variations in the effective backbone stiffness
(different c,) for these three isomers of PP, their direct consequence on blend miscibility
arises from differences in the local intermolecular packing of the two components in the
blend. These differences in packing in turn affect the enthalpic interactions between the
hydrocarbon units in the mixed state and hence miscibility.
More generally, it has been shown that, for the most part, when the packing
lengths of two polyolefins are nearly identical, miscibility is observed. 1' This correlation
113
is further supported by the recent PRISM calculations carried out by Schweizer and
72
Singh. These calculations indeed show that in polyolefins, where segmental
interactions cij are very small, local intermolecular packing and, hence, the blend
cohesive energy density strongly depend on the chain aspect ratio. This translates
mathematically into an inverse proportionality relationship between the experimentally
determined solubility parameter (based on SANS experiments on several polyolefin
blends known to mix regularly) and the packing length p:
OC P)/2 O M U I1/2
,SSANS 1 1,2 u
This relation, which appears to be verified experimentally for a limited series of saturated
148polyolefins , points to a dependence of the solubility parameter of these polymers on not
only the density and monomer molecular weight, but also c,, or a. The dependence of
the cohesive energy density (32) on polymer density p and monomer molecular weight
M, is natural since:
5 =(Ej'" (IV.8)
V,
where Ecoh is the energy required to vaporize a mole of polymer chains (J/mol) and Vm is
the molar volume of the polymer (cm 3/mol). Ecoh is related to the molar segmental
interaction energy 6 (J/mol) and the degree of polymerization as follows:
1
EcO4 = Nze (IV.9)
2
where N is the number of segments (or repeat units) in the polymer chain and z is the
number of nearest neighbors of a segment. The molar volume, on the other hand, is given
by:
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V M NM" (IV.10)
p p
and, hence, dreads:
(1/2 1/21 Nze P zept5= p =1 (IV.ll1)
2 NMU ) 2 M)
The proportionality expressed in equation IV.7, compared to equation IV.11, thus points
to an additional dependence of the experimentally determined 3 SANS for polyolefins on
the statistical segment length a, besides the parameters which naturally influence the
cohesive energy. However, it is important to note that, for the polyolefins satisfying
equation IV.7, c, and, hence, a are a direct function of MU.41 Indeed, from the data
presented by the authors, the following approximate scaling can be extracted:
(R 2) / M = cl2 /M, oc (IV.12)
MU
where M and Mu are in g/mol and the exponent v is approximately 1.5. Upon inserting
this relationship between coil dimensions and repeat unit molecular weight for those
polyolefins into equation IV.4, the packing length becomes:
p = U " (IV.13)
(R 2p p,
and equation IV.7 then simply expresses a relationship comparable to that given by
equation IV.11 and expected based on the definition of cohesive energy.
While the concept of matching packing lengths presented above seems to hold for
several saturated polyolefins, a remarkable exception to this trend was found for systems
involving polyisobutylene (PIB). Indeed, it was recently found that PI1B is highly
compatible with head-to-head PP (hhPP), while it is immiscible with regular PP (atactic
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or isotactic). Moreover, all the miscible blends containing PIB where found to undergo
phase separation upon heating through a LCST, in contrast with most of the other
polyolefin blends, which exhibit the UCST. The packing lengths of PIB, hhPP and PP
are -3.1-3.5, -2.8 and 3.2 A, respectively. Hence, based on the packing length criterion,
a higher degree of thermodynamic compatibility would be expected for PIB/PP blends.
However, PVT measurements on these materials further indicate that hhPP has a higher
density and solubility parameter than PP, in fact, closer to those of PIB. This indicates
that, while the packing length criterion does not apply for blends of PIB and hhPP, a
similarity in their cohesive properties is still found. Similar conclusions can be further
drawn for unsaturated polyolefins. Indeed, while polyisoprene (PI) and polybutadiene
(PB) have similar densities and solubility parameters, their packing lengths strongly
0 148differ (3.2 and 2.29 A respectively) and, yet, their blends and block copolymers are
miscible and exhibit the LCST/LDOT."' Hence, for these unsaturated polyolefins, a
similarity in packing length no longer seems to correlate with miscibility.
The lack of such correlation is further found for systems that are not purely
dispersive. For example, polystyrene and poly vinyl methyl ether (PVME) have very
. Y148)btsmlrsluiiyprmtr
dissimilar packing lengths (4 and 2.72 A respectively ) but similar solubility parameters
and densities, and their miscibility in the melt has been extensively reported. Moreover,
while the effect of tacticity on miscibility in this system has been investigated by several
authors,"" it is, in magnitude, modest in comparison with blends of PP. Finally, while
the small changes in local packing and cohesive energy density resulting from deuteration
of one of the two components profoundly affect miscibility in polyolefins," their effect
on miscibility in systems such as PS/PVME or PS/PBMA are minor. Thus, as the
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strength of intersegmental interactions increases, the stringent condition of complete
similarity in the details of monomer structure found for polyolefins is progressively
relaxed. Instead, more macroscopic parameters such as the density and the solubility
parameter seem sufficient to capture the thermodynamic trends in these systems.
IV.3.2. Specific interactions
Besides certain polyolefins, a second category of blends was identified which
does not seem to follow the miscibility criterion identified in this thesis for styrene-based
systems. Examples include blends of PMMA and polyvinylidene fluoride (PVDF), as
well as blends of methacrylates or acrylates and halogenated vinyl polymers such as
PVC. The well known miscibility of these systems has been attributed to strong
specific interactions between the polar groups of these monomers. For such systems
characterized by stronger interactions, i.e. dipole/dipole or even H-bond interactions,
miscibility no longer seems to require a close match in density or solubility parameter.
This is evident upon considering the calculated vspec and 6 of these homopolymers,
shown in Figure IV.15. Clearly, PVC, with a Sof 21.73 (J/cm 3)1/2 and a much lower vspec
(higher density) than PMMA, does not match at all several of the methacrylates with
which it is reported miscible, namely, PMMA to PHMA (n=1 to n=6). PMMA/PVDF
similarly lack any trend of close match in cohesive properties (Figure IV. 15). Hence, for
these systems characterized by increasingly energetically favorable interactions,
compared to polyolefins and styrene-based systems, the requirement of similarity in
monomer structure and cohesive energy density appears to be further relaxed. This is not
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surprising, however, since the main driving force for miscibility in these systems is
believed to be a negative enthalpy of mixing (A6< 0), rather than favorable packing in
the segmentally mixed state (Ac> 0 but small and A Vmix < 0).
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IV.3.3. Summary
Based on these observations and those presented in section IV.3. 1, two regimes
are thus identified for which matching 5 and vspec is not necessarily a sufficient or valid
criterion for miscibility. These correspond to purely VDW systems and, at the other end
of the spectrum, strongly interacting systems. In the former, segmental interactions are
very weak and miscibility entirely relies on local details of monomer structure and
segment packing. This appears to result in an additional requirement for miscibility
besides matching cohesive properties, namely, a similarity in backbone flexibility. In the
latter, thermodynamic compatibility results from favorable enthalpic interactions and is,
therefore, less dependent on the cohesive properties. Intermediate to these two extremes
are the styrene-based systems investigated in this thesis and others reported in the
literature. This is summarized graphically in Figure IV. 16, where various systems have
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been ranked according to the type of segmental interactions that prevail, namely,
dispersive, dipole/induced dipole, dipole/dipole and H-bond interactions. The left end
corresponds to purely VDW systems, while blends with specific interactions are found on
the right side. The factors governing miscibility in each of the three regimes shown in
Figure IV. 16 are also listed. Hence, the criterion of matching '5 and vspec identified in
this thesis seems to hold best for non-purely VDW weakly interacting systems.
However, its zone of influence has been extended to purely VWD systems. Indeed, while
there are some examples of immiscible polyolefin pairs with matching 8s and vspec's but
dissimilar packing lengths, no miscible blend could be found that consists of two
polyolefins with very dissimilar 8s and vpec's but similar packing lengths. Hence, in
these VDW polymer blends, a similarity in o and vspc is apparently a necessary but not
sufficient criterion for miscibility.
Increasing strength of segmental interactions
dipole/dipole
VDW dipole/induced dipole H-bonds
packing
saturated dienes PS/PnAMA PS/PPO PMMA/PEO PMMA/PVDF
polyolefins PS/PCHMA PS/PVME PVC/PnAMA
PS/PCHA
specific interactions
S and vspec (complementary moieties)
Figure IV. 16: Spectrum of miscible polymer pairs and molecular parameters governing
thermodynamic compatibility
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CHAPTER V: NEW "BAROPLASTIC" ELASTOMERS AND
ADHESIVES BASED ON STYRENE AND ALKYL ACRYLATES
In this chapter, the predictive tool for the design of miscibility into weakly
interacting systems presented in Chapter IV is further applied to the molecular design of
pressure- and temperature-tunable ordering transitions into attractive candidate
thermoplastic elastomers and adhesives based on styrene and alkyl acrylates. Alkyl
acrylates with low glass transition temperature (Tg < 0*C), such as polyethylacrylate
(PEA) and polybutylacrylate (PBA), are workhorses of the adhesives industry, often
preferred over their polyolefin-based counterparts due to their greater stability (saturated
backbone) and ability to wet a wider variety of surfaces, including polar ones such as
glass, silicon etc."' 4 Moreover, their block copolymerization with a stiffer second block
such as polystyrene would result in thermoplastic elastomers with highly attractive
adhesive and rheological properties, combining tackiness, adhesion and cohesive
strength."' Unfortunately, living polymerizations of alkyl acrylates are strongly
hampered by the termination reaction involving nucleophilic attack by the a-carbon. 7
So far, the preparation of block copolymers comprising an acrylate homopolymer has
therefore been, at best, very limited. However, these materials can, for the first time, be
readily prepared using more flexible controlled "living" free radical synthesis methods
such as ATRP, described in Chapter II. The preparation of such materials and the
possibility of designing their phase behavior and resulting rheological properties using
the group contribution/LF EOS calculations described in Chapter IV is presented here.
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V.1. GCILF EOS CALCULATIONS FOR STYRENE/N-ALKYL
ACRYLATES
Figure V.1 shows the solubility parameter 8 as a function of alkyl side chain
length (n) for a series of poly(n-alkyl acrylate) homopolymers (PnAA), while the value
for PS is indicated by the arrow. For comparison, the values obtained for the
corresponding methacrylates (PnAMA) are also given. Although systematically higher,
the values of 8 for the acrylates are found to follow a trend similar to that observed for
the methacrylates. Indeed, it is again found that, upon increasing the side chain length, 8
for the acrylate homopolymer progresses from above (poly methyl acrylate = PMA) to
greatly below (poly lauryl acrylate = PLA) 8 for PS, while a close match is obtained, this
time between n=4 and n=6. Likewise, the specific volume vspec of the acrylates shown in
Figure V.2 is found to progress from below (PMA) to above (PLA) that of PS, while a
close match is obtained for n=3. The parallelism between the curves for 8 and vspec
obtained for the acrylates and those obtained for the methacrylates is manifest, suggesting
that a similar trend in phase behavior as a function of alkyl side chain length might be
expected for this new family of block copolymers. Indeed, based on the GC/EOS
calculations presented in Figures V.1 and V.2, one would expect thermodynamic
incompatibility and the UDOT for block copolymers containing short (n=1, PMA) and
long (n>6, PHA, POA, PLA) alkyl side chain methacrylates. For intermediate side chain
acrylates such as poly(butyl acrylate) (PBA), on the other hand, some degree of
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thermodynamic compatibility and the LDOT might result from the closer mach of their
cohesive properties with those of PS.
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To verify this hypothesis, and perhaps identify new candidate "baroplastic"
elastomers, a series of polystyrene-block-poly n-alkyl acrylates, denoted PS-b-PnAA, was
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synthesized by ATRP and their phase behavior was characterized, for the first time, by
dynamic rheological testing and SANS. These block copolymers are listed in Table V.1,
along with their molecular characteristics. The characterization of their phase behavior
as a function of temperature and pressure are the subject of the next two sections.
TABLE V.1:
copolymer
33K PS-b-PMA
65K PS-b-PHA
64K PS-b-PBA
1OOK PS-b-PBA
CHARACTERISTICS OF THE ATRP PS-B-PNAA
Mn M,/Mn PS remarks
(kg/mol) (wt %)
33 1.32 65 -
65 1.40 48 -
64 1.31 53 -
100 1.2 70 -
V.2. T-DEPENDENCE OF PHASE BEHAVIOR IN PS-B-PNAA
V.2.1. Copolymers with short (n=1) and long (n>6) side chains
Figure V.3 shows the master curves for G' and G" for 33K PS-b-PMA containing
65 wt% PS, time-temperature superimposed around a reference temperature of 150 0C.
Based on the scaling of the data at low frequencies, namely G'- o0-85 and G" - o.7, it
appears that this block copolymer remains ordered throughout the experimental
temperature range, even for this very low molecular weight.
123
10
Tref =150C
10
Figure V.3: Master curves for 40
E G' " 4
G'and G" for 106 150
0 150
33K PS-b-PMA G" 160
-G-5  0 160
0.7 A 170
A 170
V V 180
104 , 0.85 18
VV oV 180
3 I I I I I
10 3 2 -1 0 1 2 1 3 410- 10 10 10 10 10 10
oa (rad/sec)
The stability of the ordered state for this block copolymer is further confirmed by
the very sharp maximum of the scattering profile shown in Figure V.4. It is important to
note that, although the scattering peak shown in Figure V.4 is very sharp at all
temperatures, the total level of scattering for this block copolymer is very low. This
apparent contradiction can be elucidated, however, upon considering that the 2-D
scattering pattern for this material (not shown here) was highly anisotropic. This points
to a large degree of alignment of the ordered microdomains for this melt-pressed diblock
copolymer. Such tendency to align under the flow field developed upon melt-pressing in
the fully molten state was observed for several of the block copolymers studied in this
thesis and was found to result in preferential orientation of the lamellae in the sample
plane. This preferential orientation, which is perpendicular to the incident neutron beam,
can result in a dramatic lowering of the scattered intensity compared to an isotropic
sample. The persistence of an anisotropic microstructure at all temperatures for 33K PS-
b-PMA further confirms the stability of the ordered state for this low molecular weight
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block copolymer. These results thus point to a large degree of thermodynamic
incompatibility for PS-b-PMA, which was expected, based on the GC/EOS calculations
presented above and the thermodynamic incompatibility reported for blends of the same
components." They further indicate a similarity between the phase behavior of this
system and that reported for PS-b-PMMA, which is also ordered for similar molecular
32
weights.
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A similar degree of incompatibility was obtained for PS-b-PHA. Figure V.5
shows the scattering intensity profile as a function of temperature for 65K PS-b-PHA
containing 48 wt% of PS. The two reflections observed at wave vectors q- 0.0127 A-'
and q- 0.024 A-1 for this material indicate the presence of an ordered state at all
temperatures. Although the order/disorder transition lies outside the experimental
temperature range for this molecular weight, this block copolymer exhibits a UDOT-type
phase behavior, as evidenced by the monotonic decrease in peak intensity Imax and
increase in FWHM of the first order reflection as temperature increases (see inset of
Figure V.6). Based on these results and the GC/EOS calculations presented above,
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UDOT-type phase behavior with even larger degrees of thermodynamic incompatibility
can be reasonably expected for block copolymers formed from styrene and longer alkyl
side chain acrylates, which were therefore not studied in this thesis.
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Figure V.5: Scattering intensity profile for 65K PS-b-PHA
V.2.2. Copolymers with intermediate side chains
In contrast to the materials presented above, a higher degree of thermodynamic
compatibility and a phase behavior very much similar to that observed for PS-b-PBMA
was found for PS-b-PBA. Figure V.6 shows the master curves for G' and G" at a
reference temperature of 150 0C for 64K PS-b-PBA containing 53 wt% of PS. From the
low frequency scaling of G' and G", namely G" ~ coI and G' - c2, it is inferred that this
block copolymer is disordered over the temperature range investigated (140-200 0C). This
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is in contrast to PS-b-PHA which, for similar molecular weight and composition, is
ordered throughout the temperature range. To identify the type of phase behavior,
namely UDOT versus LDOT, SANS measurements were performed on this block
copolymer.
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V.6: Master curves for G' and G"
103 104
of 64K symmetric PS-b-PBA
Figure V.7 shows the scattering intensity profile for 64K PS-b-PBA, while the
inset shows the variation of the peak intensity Ima and peak width FWHM with
temperature. The disordered state apparent from dynamic rheological testing on this
block copolymer is further confirmed by the broad correlation hole scattering observed at
all temperatures. Moreover, although the magnitude of these changes is very small, Ima
and FWHM are found to monotonically decrease with increasing temperature, suggesting
a UDOT-type phase behavior for this block copolymer.
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Figure V.7: Scattering intensity profile for 64K PS-b-PBA as a function of T
Such phase behavior is further suggested by the dynamic rheological data
obtained on a higher molecular weight (100,000 g/mol) and asymmetric PS-b-PBA
containing 70 wt% PS. Figure V.8 shows the master curves for G' and G" at a reference
temperature of 1500C for lOOK PS-b-PBA. Clearly, horizontal frequency shifts of the
data obtained at increasing temperatures do not result in good overlap with the data at
150 0C for this material, indicating a change in structure over the temperature range
investigated. Moreover, the progressive shift in the scaling of G' towards higher values
as temperature increases, namely from col to a 5, suggests that this block copolymer is
undergoing an UDOT between 150 and 180*C. At the highest temperature (180 0C), the
low frequency scaling of the storage and loss moduli, namely G'- d 5 and G" ~ 2. ,
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approach that of a liquid-like homogeneous melt, although the value of 1.5 (instead of 2)
indicates that thermodynamic fluctuations are still strong.
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Figure V.8: Master curves for G' and G" of asymmetric lOOK PS-b-PBA
These results are further confirmed by the scattering intensity profiles for lOOK
PS-b-PBA shown in Figure V.9, where the data have been shifted vertically and plotted
on a double logarithmic scale to emphasize higher order reflections in the ordered state.
The segmentally mixed state of lOOK PS-b-PBA observed at high temperatures with
dynamic rheological testing is further confirmed by the broad scattering maximum at q*
- 0.0 18 A1 and the absence of higher order reflections at temperatures above 160"C. At
120*C and 140"C, on the other hand, a clear second-order shoulder is observed at q2* ~
0.036 A-', which is indicative of the periodic microphase separated state. Hence, from
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the SANS data shown in Figure V.9, a UDOT is identified for this block copolymer,
between 140 and 1600C.
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Figure V.9: Scattering intensity profile (log-log scale, data shifted)
for lOOK PS-b-PBA as a function of T
However, and perhaps more importantly, the peak intensity Ima of the first order
reflection does not vary monotonically with temperature for this block copolymer, as
shown on Figure V.10 where the scattering data is plotted on a linear scale. Indeed,
between 120 and 180*C, Imax is found to decrease with increasing temperature (see inset
of Figure V.10), which is consistent with the UDOT-type phase behavior found for this
block copolymer and the lower molecular weight, symmetric 64K PS-b-PBA.
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Conversely, as temperature is increased beyond 180 0C, the peak intensity increases
reversibly, suggesting a LDOT-type phase behavior at elevated temperatures for this
block copolymer, although the actual transition is not observed in the temperature range
investigated. This fully reversible thermodynamic trend is consistent with the phase
diagram shown in Figure V.11, where both UDOT and LDOT branches are present. Two
qualitative coexistence curves have been drawn, for 64K and lOOK PS-b-BA,
respectively, while the arrows indicate the temperature cycles to which these materials
were subjected during the SANS experiments. For the lower molecular weight sample,
the LDOT is expected to lie at a higher temperature and the thermodynamic fluctuations
over the experimentally accessible temperature range are thus mainly governed by the
UDOT-part of the phase diagram. However, as the block copolymer molecular weight
increases, the simultaneous decrease in the LDOT and increase in the UDOT result in a
coexistence curve such as that drawn for lOOK PS-b-PBA. A similar phase diagram,
resulting from the simultaneous occurrence of UDOT and LDOT phase behaviors, has
also been reported for blends and block copolymers of PS-b-PBMA229, therefore
suggesting a similarity in the thermodynamics of these two systems.
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Figure V.11: Schematic phase diagram for PS-b-PBA
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However, while the observed crossover temperature from UDOT to LDOT behavior lies
below 100"C for the latter system (see Figure 1.4, section 1.3.1), a much higher value of -
190'C is obtained for lOOK PS-b-PBA, implying a lower degree of thermodynamic
compatibility for this material. This change does not need to be large, however, since it
is well known that very small changes in the interaction parameter X are sufficient to lead
to strong variations in the UDOT of block copolymers. Moreover, the very fact that PS-
b-PBA exhibits both UDOT and LDOT trends precludes the possibility of a large ;r
parameter of enthalpic origin for this system, but rather points to a low enough exchange
interaction energy Ac allowing for EOS effects to govern the phase behavior at elevated
temperatures. Hence, the higher UDOT of PS-b-PBA compared to that of PS-b-PBMA
seems to indicate a slight increase in the exchange segmental interaction energy AC upon
substituting the methyl group attached to the a-carbon of BMA by a H atom. Although
this substitution does not seem to affect greatly the cohesive properties of the polymer
(similar vspec and 3for PBA and PBMA), it does result in differences in the local packing
of the segments, which is reflected in the very low glass transition of PBA (Tg = -54 0C)
compared to that of PBMA (Tg = 35"C). This change in local segmental conformations
further appears to slightly affect the strength of the segmental interactions between PBA
and PS.
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V.3. NEW STYRENE/ACRYLATE "BAROPLASTIC" ELASTOMERS
V.3.1. PS-b-PBA
From the results presented so far, it appears that the trend in thermodynamic
compatibility for styrene/n-alkyl acrylate block copolymers is, as expected based on the
GC/EOS calculations, roughly similar to that observed for PS-b-PnAMA. Indeed, for
n=1 and n>6, the copolymers exhibit strong degrees of incompatibility and UDOT
behavior, while for PS-b-PBA, a phase behavior similar to that reported for PS-b-PBMA
is obtained, with, however, higher UDOT temperatures for a given molecular weight.
The presence of a LDOT at high temperatures for PS-b-PBA is an encouraging result,
since it suggests that the strong pressure sensitivity characterizing the LDOT materials
discussed so far in this thesis might be observed for this copolymer as well. To verify
this hypothesis, the phase behavior of 1OOK PS-b-PBA was studied under hydrostatic
pressure.
Figure V.12 shows the scattering intensity profile for lOOK PS-b-PBA at 180 0C
and indicated pressures. It is found that as pressure increases, the scattering peak
intensity Imax decreases monotonically, while the FWHM increases, indicating an increase
in thermodynamic compatibility upon the application of pressure. This implies a
negative AVmix for PS-b-PBA, which is entirely consistent with the observation of a
LDOT at elevated temperatures for this system. Moreover, from the data at 180'C and
other temperatures, the master curves shown if Figure V.13 can be constructed for Imax
and FWHM as described in section 111.2.1, yielding an estimate of the pressure
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coefficient dT/dP for this material of - 100*C/kbar. Unfortunately, due to the upper
temperature limit of the pressure cell (190'C), the effect of pressure could only be probed
in the UDOT-region of the phase diagram of this block copolymer. Therefore, the master
plots for Imax and FWHM shown on Figure V.13 only display the UDOT-trend, namely a
decrease in Ima, and an increase in FWHM with increasing temperature. Nevertheless,
the strong pressure coefficient of 100"C/kbar for PS-b-PBA demonstrates an important
concept of this chapter, namely that pressure-tunable phase behaviors can be designed
into new candidate "baroplastic" elastomers and adhesives based on styrene and low-Tg
acrylates.
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V.3.2. Molecularly designed PS-b-P(MA-r-LA)
To further illustrate how such pressure sensitivity could be designed into
styrene/alkyl acrylate block copolymers, other materials were prepared, where the
acrylate block consists of a random copolymer between two acrylates individually
immiscible with PS and mutually immiscible, namely, methyl (MA) and lauryl acrylate
(LA). Such copolymers, denoted PS-b-P(MA-r-LA), were designed in a similar fashion
as the PS-b-P(MMA-r-LMA) block copolymers described in section IV.2, by matching (
and vspec of the acrylate random copolymer to the values of PS. The characteristics of
these block copolymers are given in Table V.2.
TABLE V.2: CHARACTERISTICS OF THE
copolymer Mn Mw/M.
(kg/mol)
ATRP PS-b-P(MA-r-LA)
PS MA/LA
(wt %) (wt %)
PS-b-P(MA-r-LA) A 45 1.32 66 44/56
PS-b-P(MA-r-LA) B 50 1.31 54 52/48
PS-b-P(MA-r-LA) C 60 1.34 57 61/39
Similar to what was observed for PS-b-P(MMA-r-LMA), copolymerization of PS
with a well matched P(MA-r-LA) was found to result in a significant increase in
thermodynamic compatibility compared to PS-b-PMA. This is evident upon considering
the master curves for G' and G" shown in Figure V.14 for PS-b-P(MA-r-LA) B (see
Table V.2). The low frequency scalings of G' d2 and G"~ co imply a segmentally
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mixed state for this block copolymer over the temperature range investigated (100-
160'C). In contrast, 33K PS-b-PMA was ordered throughout the temperature range,
pointing to a definite increase in thermodynamic compatibility for this new block
copolymer.
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Unlike what was observed for PS-b-P(MMA-r-LMA), however, no composition
could be identified which would display a LDOT. Instead, UDOT-trends similar to that
shown in Figure V.16 for PS-b-P(MA-r-LA) B were observed for the three compositions
investigated. However, based on the results obtained for PS-b-PBA, it appears that the
UDOT of styrene/n-alkyl acrylate block copolymers is substantially higher than that of
the corresponding styrene/n-alkyl methacrylate materials. This might explain why only
the UDOT-part of the phase diagram is observed for the more symmetric (-50 wt% PS)
and lower molecular weight (all ~ 50,000 g/mol) block copolymers investigated here.
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Nevertheless, based on the results obtained for PS-b-PBA, it was expected that
PS-b-P(MA-r-LA) would also display a strong pressure sensitivity. Figure V.16 shows
the effect of pressure at 120'C on 50K PS-b-P(MA-r-LA) where the acrylate block
contains 52 wt% of MA. The monotonic decrease in peak intensity Imax and increase in
peak FWHM with increasing pressure, shown on the inset of Figure V.16, imply a AVmix
<0 for this material. To quantify the effect of pressure on this material, master plots for
Imax and FWHM shown in Figure V.17 were again constructed, yielding a dT/dP of -
90*C/kbar. Hence, although this block copolymer displays a UDOT-type phase behavior
over the temperature range investigated, strong pressure coefficients are again obtained,
which resemble those extracted for LDOT-type block copolymers.
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This result amply demonstrates how new baroplastic elastomers can be designed
to exhibit strong pressure sensitivity. Together with the results obtained for PS-b-PHMA
(dTUDOT/dP = -60 OC/kbar, see Table 111.3 of Chapter III), they further show that UDOT-
type block copolymers can also be characterized by large pressure coefficients. To our
knowledge, it is the first time that pressure coefficients of this magnitude are reported for
such materials. From an application standpoint, the results presented in this chapter
demonstrate how industrially amenable synthetic routes such as ATRP can be
successfully combined with the molecular design tool identified in this thesis to impart
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pressure and temperature-tunable phase behavior into new acrylic block copolymers of
commercial relevance. What may be less appreciated is that, in this manner, elastomeric
block copolymers exhibiting strong pressure coefficients could be designed wherein the
hard block has a Tg ~ 40 to 60"C. Such materials have extremely attractive rheological
properties. Indeed, at room temperature, they exhibit elastomeric properties, while under
the application of high pressure and at temperatures hardly exceeding RT, they can be
processed from the melt (liquid segmentally mixed state).
140
CHAPTER VI: A COMPRESSIBLE FREE ENERGY
EXPRESSION
The results presented in this thesis have unveiled a systematic trend in phase
behavior across two families of block copolymer materials, styrene/n-alkyl methacrylates
and styrene/n-alkyl acrylates. Macroscopic parameters were proposed, namely the
solubility parameters and densities of the homopolymer melts, which seem to capture
these trends as well as those reported for other known miscible pairs almost in a
predictive manner. Based on these findings, a tool for the molecular design of miscibility
into new systems was identified, which was successfully used to induce "baroplastic"
behavior into new acrylic elastomers or adhesives presented in Chapter V. All these
observations further reveal a systematic dependence of phase behavior on pure
component properties that can be measured or computed quite accurately.
Unfortunately, while the tool identified and utilized in this thesis successfully
predicts whether or not miscibility will be encountered for a given polymer pair, it does
not allow one to predict the type of phase diagram to be expected, namely, UCST/UDOT
versus LCST/LDOT. In an attempt to address this last need, a simplified free energy
expression is derived here for compressible mixtures of two homopolymers A and B.
Given the similarity in phase behavior for block copolymers and the corresponding
homopolymer blends, its extension to block copolymers is straightforward and will not be
discussed here. The ability of the model to predict phase diagrams for the homopolymer
pairs investigated in this thesis and others reported in the literature is discussed.
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The change in Gibbs free energy on mixing, AGmix, is the difference between the
free energy of the mixture G"" and that of the pure components GP"*. For a
compressible mixture accompanied by a finite change in volume upon mixing, AVmix # 0,
the change in free energy consists of three terms: a change in internal energy AEmix, in
volume AVmx and in entropy ASmix:
AGmix =AEmix + PAVx -TASmx (VI.)
=(Emxt - E Pure)+ P(Vm"" -V P) - T(S'xt - S ure
A phenomenological expression for each of these contributions is provided below.
VI. 1. ENTROPY CHANGE UPON MIXING: ASMIX
As pointed out by Flory", the change in configurational entropy upon mixing for
a compressible 2-component (A and B) polymer solution or mixture should scale as the
logarithms of the ratios of the free volume available in the mixture, Vfm, and that in the
pure components, V A and Vf B:
ASmix /R = nA ln Vfm + nB Vn fm (VI.2)
where ni is the number of chains of component i in the system.
The free volume of component i, Vi, is defined as the difference between the total
volume Vi at temperature T and pressure P and the excluded or hard core (occupied)
volume Vhc,J:
VfJ =V, -Vj =V, - nNivi (VI.3)
Vf,M V -VhcA -Vhc,B =V-nANAVA -nBNBVB
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since each chain of component i contains Ni segments of hard core volume vi (g/mol).
According to the definition of reduced properties typically used in EOS theories 6,83, V-
VhcA-Vhc,B, VA-Vc,A and VB-Vhc,B are related to the reduced densities y , yand #B'
respectively, defined as the hard core volume (Vhci) divided by the total volume (Vi):
p, = =_ nN,v (VI.5)
pi )i Vi
p _ Vhc,A +Vhc,B _ NANv+ nBNBvB
p .B(VI.6)
p V V
- MV.
where p = ' and p* are the hard core densities of component i (known) and the
V.
mixture (unknown) respectively. Hence:
V - VhcA -Vhc,B = (1- 3)V (VI.7)
Vi = Vhj -,)V (VI.8)
and equation VI.2 becomes:
ASmix / R = nA ln ' p)V + nB ~n 0 3)V (V.9)
(1 - p3 )VA (1 - pOB)VB
or
ASmix / R = -[nAlnbA$+ nB In#BI±[nAln(1 fA J nBlniJB ~(VI.l1)
where #i is the volume fraction of component i defined as Vi/(V+VB). In equation
(VI. 10), we have made use of the approximation #; - V/V, since VA + VB differs from V
only by the small quantity AV,,x. Indeed, in macromolecular mixtures, it is well known
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that the magnitude of the fractional volume change upon mixing, AVmix/V, is minute ,
typically ~o(10-4), and the approximation $i = Vi/(VA+VB) - Vi/V is thus justified.
Alternatively, one can arrive at an expression entirely similar to that given in
equation VI.10, using a phenomenological van der Waals equation of state for non-ideal
gases:
(P+ 2 )(V - b) = nRT (VI.l 1)
V
and equating the parameter b to the hard core volume Vhc. This alternative derivation is
given in Appendix A.VI. 1.
Equation (VI. 10) gives a simple expression for the configurational entropy gain
upon mixing for a binary compressible mixture. It consists of two terms: the classical
(incompressible) combinatorial entropy which scales with the logarithms of the volume
fraction of each component, and a second term which arises from compressibility and is
related to the difference in free volume between the mixture and the pure components.
Hence, if component i undergoes a contraction upon mixing, in which case < 1,1
-p
this will contribute a negative term to the entropy of mixing which destabilizes the
mixture in comparison to the incompressible limit. In general, each component of the
polymer mixture is expected to undergo opposite trends, namely, if one undergoes a
reduction, the other will undergo an increase in free volume. This results from the fact
that deviations from a simple volume average (y = $AAyA + #BPB) for the reduced density
of macromolecular mixtures are very small. Indeed,
Vhc,A +Vhc,B Vhc,A + hc,B he,A A Vhc,B VB
V VA+VB+AVmx VA VA+VB+AVx VB A B mi
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=_ VA + B B
(VA+VB+AVmx V +VB AV
(VI. 12)
However, since A Vmix is very small compared to VA + VB, one can expand the above
expression around AVmix-+0, yielding, to first order:
P = P A ix + B ix_ 
_
A - ~ -±VLVAVJ V+
= (#AIpA +#OBPB 
AV+V
A +B I (VI.13)
VI.2. INTERNAL ENERGY CHANGE UPON MIXING: AEMIx
The internal energy in the pure state is the total interaction energy of the pure
components and is obtained by counting the number of pair-wise interactions of type A-A
and B-B:
E "'" =-pA(nANAZeA) +-PB(BNBzBB)
2 2
(VI. 14)
where eii is the attractive (negative) molar segmental interaction energy of the i-i pair and
z is the number of nearest neighbors in the pure melts. The factors p, simply arise from
the reduced probability of interacting with a nearest neighbor in a mixture with free
volume.
Likewise, the free energy of the mixed state, assuming equivalent z's for the
mixture and the pure components, will be given by:
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1 1 1 1
E'"" =-(nANAzEs)fA, + -(nBNB ZBB )fB + -(nANAzeABfB, + -(nBNBZCAB)fAJ2 2 2 2
1 1
-(nANAzE6)fA ±-(nBNBZ8BB )fB,+ (nBNBzEAB )fA52 2
(VI.15)
whereft is the segment fraction of component i
f = nN
nAN+nBNB
and fAnBNB =fBnANA .
Hence, AEnix is given by:
AE,i, = E"" - E pure
(VI. 17)
(VI.16)
= nANAz ZAA fA/ -A I ] nBNB ZCBB [BJ5 - PB2 2 +nANAfBEZAB
which, using the relationsfA = (1-fB) and nANAfB = nBNafA, can be rewritten as:
AE,.c = 1-[nANAze6G - PA) + nBNB ZBB ( B +AN f AB - AA +BB
mx2 2A~BP[A
or
AEmix = nAN fB(RTXFH )3 + nANaz~ (i - 73A ) + nBNBZeBB 5B A2
where the definition
XFH = AB
RT (
_ 
6 AA + 8 BB
2
(VI.18)
(VI. 19)
has been used. 37 Hence, similar to the change in entropy upon mixing, the expression for
the change in internal energy for the compressible mixture contains two terms:
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1. The classical exchange interaction energy term, or "ZHu term, although diluted by a
factor y-, since the probability of interacting with a nearest neighbor of type i is notf
but f,#.
2. A second term simply arising from the fact that the self-interactions (eii) will become
either weakened or strengthened upon mixing, depending on the relative amount of
free volume in the mixture compared to that in the pure components. Hence, if
component i is characterized by a larger degree of free volume than the mixture, i.e.,
(y - , )> 0, the contraction this component will undergo is in fact energetically
favorable from a standpoint of self-interactions.
VI.3. GIBBS FREE ENERGY CHANGE UPON MIXING: AGMix
The expressions derived above for ASmix and AEmix can now be used to compile
the free energy expression for the compressible mixture:
AGmix = RT[nAln #A + nB IB RnAT nAn + nB ~ 5
-PA) -B
+ PAVmi, (VI.20)
+ nANAfB(RTXFH) + nANAZCAA(P - PA)+nBNBz6BB(3 
- 5B)]
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Equation (VI.20) can be further simplified as shown in Appendix A.VI.2, to yield
the following expression for AGmix/V, the change in free energy per unit volume, denoted
Agmx In the following expression, the second entropy term of equation VI.20 and the
PAVmix term were neglected, since it can be readily shown that they are orders of
magnitude smaller than the leading terms.
Ag -~ RT^^ lnIn ± +BB nB +AA fB,(RTXFH )+A B [(5A B )(A2 _ B2
LNAVA NBvB VA
(VI.21.a)
In equation (VI.21), the first term is the classical combinatorial entropy of mixing,
while the second term is the classical F-H interaction energy term, diluted compared to
the incompressible limit. The third term, entropic in nature, arises from the very fact that
the mixture is compressible, thus accounting for equation of state effects. Note that this
extra term depends on the pure component properties only, namely the cohesive energy
density and fractional free volume, and more precisely how they differ between the two
components.
Upon assuming an average hard core segmental volume v = (VAVB)1 2 in the
mixture, which is consistent with the assumption of equal z's made in deriving AEmix, the
interaction energy term can be further simplified to:
fBp(RTxFH) OA BAB(RTXFH)V
VA
Upon inserting this expression for the interaction term into equation VI.2 1, the following
simple expression for Agmix is obtained:
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(VI.21.b)
Taking the second derivative of this expression for Agmix with respect to
composition and further assuming Berthelot's mixing rule and the Hildebrand solubility
parameter formalism:
FH (A 0  B 2
RT
to express ZH as a function of the pure component hard core solubility parameters, 3
yields the following stability criterion for the mixed state:
a2 n(Ag / RT) _ go _ F__ B P PB A B A B
2b+ ] -_ 2 PAA + PB, A- Ar 2 7c0B)(8A _ 1B2)o
8#A RT _ANAVA OBNBVB RT RT
(VI.23)
while at the spinodal, go is equal to 0.
VI.4. PHASE DIAGRAM PREDICTIONS
VI.4.1. Pure component properties
In the next sections, equation VI.23 is employed to predict phase diagrams for the
various polymer pairs investigated in this thesis as well as others reported in the
literature. To this end, the following pure component properties were determined from
experimental PVT data" and GC calculations:
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1. Pure component reduced densities as a function of T
2. Pure component solubility parameters as a function of T
3. Hard core (OK) segmental volumes vi or, equivalently, hard core densities pi*
The reduced densities were obtained in the following manner. Experimental PVT
data is available in the literature for many homopolymers over a certain temperature
range (see for example reference 83 which reviews PVT properties for 56
homopolymers). These data were extrapolated to OK, which is taken here as the hard
core state. To this end, the following variation of density with temperature T (K) and at
zero pressure was assumed:
pi (T) = pi exp(-aT) (VI.24)
where a constant ai (the melt state value) was used as a first approximation. This
procedure, described in Appendix A.VI.3, yields vi and pi*. The reduced density ',, (T) is
then given by the actual density p (T) divided by pi*.
A similar approach was used to determine the temperature dependent solubility
parameters. The values calculated according to van Krevelen at 25"C were extrapolated
to other temperatures in the following manner:
32 T) =- 1 zsp (T) 5 2 (298p~2) 32 (298) (VI.25.a)
2 MU pi (298)) (,(298))
g 2 2 298) (VI.25.b)( 1298))
The homopolymer values of a,, p,*, 2 , 9(298) and vi used to compute the phase
diagrams presented in the next sections are listed in Table A.VI. 1 of Appendix A.VI3.
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VI.4.2. Styrene/methacrylate blends
VI.4.2.a. Phase diagrams
As described in Chapter III, PS was found to be miscible over a certain
temperature range with PEMA, PPMA and PBMA, and block copolymers of PS with
these components exhibit the LDOT. On the other hand, PMMA as well as methacrylates
with alkyl side chains longer than butyl are immiscible with PS and the corresponding
block copolymers exhibit the UDOT. Figure VI. 1 gives the predicted phase diagrams for
6 styrene/methacrylate systems, namely, PS/PMMA (n=1), PS/PEMA (n=2), PS/PBMA
(n=4), PS/POMA (n=8), PS/PLMA (n= 12) and PS/PCHMA (a well-known miscible
styrene/methacrylate system not investigated experimentally in this thesis). In computing
the phase diagrams of these blends, homopolymer molecular weights were chosen such
that the predicted spinodal temperature for a symmetric blend composition (50 wt% PS)
would fall within an experimentally accessible T-range.
As can be seen, equation VI.23 strongly captures the temperature-dependent
phase behavior of these polymer pairs. Hence, PS/PEMA, PS/PBMA and PS/PCHMA
are predicted to exhibit both the UCST and the LCST. However, for PMMA, POMA and
PLMA, high UCST temperatures are predicted even for very low molecular weights. It is
important to note that no adjustable parameters were used to compute the phase diagrams
shown in Figure VI. 1, since Berthelot's mixing rule was assumed to calculate the
interaction parameters. The qualitative agreement between the calculated phase diagrams
and the experimentally observed phase behavior is excellent, implying that equation
VI.23 is predictive for these weakly interacting systems, which contrasts with other
compressible formalisms developed to date and discussed in section 1.3.2 of Chapter I.
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Figure VI. 1: Predicted phase diagrams for styrene/methacrylate blends
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More generally, equation VI.23 provides a simple molecular explanation for the
LCST/LDOT. Indeed, it can be readily shown that, independent of the choice of
reference (hard core) state, PS has a higher reduced density (lower fractional free
volume) than all the methacrylates considered in this thesis, as well as the other
homopolymers with which it is reported miscible. This is shown in Figure VI.2 where
the reduced densities as obtained using the extrapolation procedure described above are
plotted as a function of T for PS, PMMA, PBMA and PCHMA. On the other hand, the
differences in cohesive energy densities are negative at 25'C for these methacrylates as
well as those having linear alkyl side chains with n<6, since PnAMA > $es for n 4 and
for PCHMA (see Tables A.IV.3 and 4). Hence, at low temperatures,
which favors mixing. This simply results from the fact that these more strongly cohesive
methacrylates undergo a reduction in free volume upon segmental mixing with PS,
thereby concentrating their self-interactions.
However, as temperature increases, the cohesive energy densities of the
homopolymers decrease due to thermal expansion, as does 3,. The magnitude of these
changes is related to the thermal expansion coefficient of each homopolymer ai since:
dp. 1 dp. 1 1 dp. (I.7
-'-=--'=-(-ap,) or --- '-=-a (VI.27)
dT p,* dT p, j dT
and
dd.2  2 M __ I 2 1 do.2dT = -a g1  or '= -a. (VI.28)dT dT ' (' dT '
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Figure VI.2: Reduced densities for PS, PMMA, PBMA and PCHMA
Hence, although both j and (5 decrease with temperature, the term given in
equation (VI.26) will either decrease or increase in magnitude depending on whether the
thermal expansion coefficient of styrene is higher or lower than that of the methacrylate.
Upon examining the values of the thermal expansion coefficient of these materials, it is
found that as (5.13x10-4 K-') is much lower than ap (6 to 8x10-4 K~') except for
PMMA (-5.48x 10-4 K'). Hence, the reduced densities and cohesive energy densities
of the methacrylates decrease with increasing T at a higher rate than those of PS. These
differences in thermal expansion coefficients of the pure components imply that there
will inevitably be a temperature at which 4PnAMA becomes smaller than 'ps and the term
in equation (VI.26) changes sign. As temperature further increases and this term
becomes more important than the combinatorial entropy of mixing, the system phase
separates through a LCST/LDOT. However, the necessary but not sufficient condition
for the LCST is that X be sufficiently small, i.e. of comparable magnitude to the term
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arising from compressibility (equation VI.26). Otherwise, the classical F-H interaction
term dominates the free energy of mixing and the system only displays a UCST in the
accessible temperature range, which is the case for PS/PMMA and other methacrylates
with alkyl side chains longer than butyl. As discussed in Chapters IV and V of this
thesis, the latter condition is met in weakly interacting systems for homopolymer pairs
with matching cohesive properties, characterized by their solubility parameters and
densities.
The second condition for the experimental observation of the LCST, i.e., at an
experimentally accessible temperature, is that these matched homopolymers have
sufficiently different thermal expansion coefficients. Indeed, if these parameters are too
similar, the LCST lies at a temperature exceeding by far the degradation temperature of
the polymer components. Such a difference in thermal expansion coefficients is precisely
found for PS and, not only the methacrylates with which it is reported miscible, but also
PVME, PPO and PCHA. For equal molecular weights, the temperature of the LCST for
each of these polymer pairs strongly depends on the actual difference in thermal
expansion coefficients and reduced densities (free volume) between the pure components.
Indeed, the smaller this difference, the higher the LCST. Hence, for PCHMA, the values
of these parameters are closer to those of PS than for the other methacrylates, which
explains the higher observed 12 131 -133 and predicted degree of thermodynamic compatibility
and LCST temperature for this blend compared to PS/PBMA or PS/PEMA.
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VI.4.2.b. UCST and LCST: enthalpically and entropically driven phase separation
Although the primary terms of equations VI.21.b and 23 responsible for the LCST
originated from an expression for the change in internal energy upon mixing, it can be
shown that this phase separation transition is indeed entropically driven, in contrast to the
enthalpically driven UCST/UDOT. Using equations VI.21.b and VI.23, the total change
in entropy upon mixing per unit volume Asmix and its second derivative with respect to
composition sp, can be calculated:
As,,,, - '"gi", (VI.29.a)
BT ,
a2 Asmi BKgS = 'x = aT (VI.29.b)
T,P 0T P
In equation VI.21 and VI.23, the following variables depend on temperature:
,(T) ~p,* exp(-aT) (VI.30.a)
(2T)  ', exp(-aT) (VI.30.b)
while the volume fractions can reasonably be treated as constant. Indeed, their minor
temperature dependence was found to have a negligible effect on the blend free energy.
Likewise, the change in enthalpy upon mixing per unit volume Ahmix and its second
derivative with respect to composition hoo are readily obtained:
Ah,., = Ag,, + TAs,,= Ag,, - T aAgmlx (VI.31.a)
ho=a 2 (Ahmix) . ag3 bh T,P = g -T a (VI.31.b)
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The derivations of these thermodynamic quantities are given in Appendix A.VI.4.
For a system undergoing a UCST, goo changes from negative to positive with
increasing temperature ( a >0) and sgo and hoo are both < 0, which implies that Ahmix
cT
and Asmix are positive. Hence, phase separation upon cooling through a UCST is driven
by the unfavorable enthalpy of mixing. At the LCST, on the other hand, gg, changes
from positive to negative with increasing temperature ( a <0) and soo and hgg are both
aT
> 0, which implies that Ahmix and Asmix are negative. In this case, phase separation is thus
driven by an increase in the system entropy compared to the phase mixed state since Asmix
< 0. This is shown in Figure VI.3 where the changes in free energy, entropy and enthalpy
upon mixing and their second derivatives with respect to composition are given as a
function of temperature for a 60K/60K blend of PS/PEMA containing 50 wt% PS.
PS/PEMA 60K/ 60K blend, 50 wt% PS
I I I 1 -3
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Figure VI.3: Changes in free energy, enthalpy and entropy upon mixing and their second
derivatives with respect to composition as a function of temperature.
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VI.4.3. Polyolefin-based blends
Phase diagrams were also computed for styrene/butadiene and styrene/isoprene,
two well-known immiscible polymer pairs. The predicted UCST's for very low
molecular weight blends of these homopolymers (1.5K and 2K respectively) are shown in
Figure VI.4. On the other hand, block copolymers of PB and PI were recently reported to
be highly miscible and exhibit a LDOT at elevated temperature for very large molecular
weights."15 The predicted phase diagram for blends of these components is also shown.
Again, the LCST/LDOT in this system arises from the lower thermal expansion
coefficient and higher reduced density of PB (a = 5.67x10-4 K-1) compared to those of PI
(a = 6.56x10~4 K- ), combined with the very small predicted X for this polymer pair.
In fact, in light of these results, the "anomalous" LCST for most saturated
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polyolefin blends involving polyisobutylene (P113) is entirely explicable. Indeed, PIB is
characterized by a very small thermal expansion coefficient in comparison to all the other
saturated polyolefins (apB - 5.65x 10-4 K-1 compared to - 7x 10-4 K-1), which provides
the right conditions for LCST behavior in blends involving this homopolymer and other
saturated polyolefins with matching solubility parameters and densities. The predicted
phase diagrams for blends of PIB and two random copolymers of ethylene and butene,
denoted P(E-r-B) and containing 66 and 97 wt% of butene, respectively, are also shown
in Figure VI.4. While the former is miscible at room temperature and displays a LCST at
- 100*C for -80K homopolymers, the latter is macrophase separated at 250C and higher
temperatures even for molecular weights of - 50K.56 These thermodynamic trends are
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quantitatively captured by the fourth phase diagram of Figure VI.4, where the spinodals
of 70K and 13K blends of PIB/P(E-r-B)66 and PIB/P(E-r-B)97, respectively, are shown.
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Figure VI.4: Predicted phase diagrams for PS/PI, PS/PB, PB/PI and PIB/P(E-r-B)
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VI.4.4. Chemically similar homopolymer blends
Typically, miscibility is expected for blends of chemically similar homopolymers
such as PS and P(a-methylstyrene) (PaMS), poly(alkyl methacrylates) and poly(alkyl
acrylates) of similar degrees of branching, polybutadiene and polyisoprene, etc.
However, both types of phase behavior (LCST or UCST) have been reported, depending
on the particular polymer pair. Hence, blends of PS and PaMS display a low-T UCST
even for large molecular weights'34 "57 , as do blends of PEMA and PEA, though with a
much lower degree of thermodynamic compatibility.'58 The phase behavior of these two
polymer pairs is correctly predicted by equation VI.23 and the phase diagrams shown in
Figure VI.5 for 300K and 24K blends, respectively. On the other hand, as mentioned
above, LCST/LDOT-type phase behavior was recently reported for the PB/PI pair, also
successfully captured by equation VI.23 (see Figure VI.4). For this polymer pair, the
LCST arises from a large difference in the pure component thermal expansion
coefficients, which is absent in blends of PS and PaMS, and even more so in blends of
PEA and PEMA. Indeed, the thermal expansion coefficients of PB and PI are 5.67 and
6.56 10-4 K-', those of PS and PaMS 5.13 and 5.76 10~4 K-1, and those of PEA and PEMA
7.24 and 7.47 10~4 K-1, respectively. For the latter two polymer pairs, the LCST should
lie at increasingly high temperatures, thereby precluding its experimental observation.
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Figure VI.5: Predicted phase diagrams for PS/PaMS and PEA/PEMA.
VI.4.5. PMMA, PC and PCL-based blends
Finally, in this section, the phase diagrams of some other well-known miscible
pairs involving PMMA, polycarbonate (PC) and polycaprolactone (PCL) are presented.
Figure VI.6 shows the phase diagrams of three blends of PMMA and styrene/acrylonitrile
(SAN) random copolymers containing 6 (SAN6), 18 (SAN 18) and 40 wt% acrylonitrile
(SAN40), respectively. The miscibility and LCST in these blends is restricted to SAN
copolymers containing 10 to 38 wt% AN.'"-140 Again, this is successfully predicted by
equation VI.23, since both PMMA/SAN6 and PMMA/SAN40 exhibit a UCST for low
molecular weights, while a 250K/250K PMMA/SAN18 blend is miscible and exhibits the
LCST. Similar miscibility windows spanning 8 to 28 wt% and - 15-25 wt% AN,
respectively, have been reported for blends of SAN/PCL'59'" and SAN/PC.11 162 These
trends are also successfully predicted, as seen in the phase diagrams shown in Figure
VI.6.
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Figure VI.6: Predicted phase diagrams for PMMA/SAN, PCUSAN and PC/SAN
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Miscibility and the LCST are further predicted for intermediate molecular weight
blends of PMMA and PC, in accord with the reported studies on this polymer pair 63-165,
and also for blends of PMMA and PCL. For PMMA and PEO, on the other hand,
moderate miscibility and UCST-type phase behavior are predicted for -25K blends. This
correlates well with the neutron scattering studies of Hopkinson and coworkers, who
reported a decrease in scattering intensity and SANS-based X with increasing temperature
for PMMA/PEO blends, although a higher degree of thermodynamic compatibility is
observed experimentally. 166 Earlier, Russell and coworkers also investigated this polymer
pair with SANS, but reported a roughly constant X across the whole T-range. 67 The
predicted phase diagrams of these systems are shown in Figure VI.7.
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In fact, the successful prediction of phase behavior for the more polar systems
presented in this section using equation VI.23 in combination with the geometric rule of
mixing for cAB indicates that strong specific interactions do not need to be invoked to
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explain their miscibility. This is in contrast to PMMA/PVC and other methacrylate/PVC
blends. Indeed, Berthelot's mixing rule predicts a large positive X parameter and
immiscibility for these blends, while their miscibility even for large molecular weights
has been reported."' Similar predictions are further obtained for blends of PMMA and
PVDF, two well-known compatible polymers.94' 95 Hence, out of the 25 systems
considered in this Chapter, the latter two appear to be the only ones for which a simple
geometric average for the cross-interaction energy eAB is unsatisfactory. These are
precisely the systems identified as "strongly interacting" in Chapter IV, and for which a
matching of the homopolymer solubility parameters and densities does not necessarily
result in miscibility. While the inadequacy of a geometric average for CAB of these
polymer pairs involving increasingly strong dipole/dipole interactions is obvious, their
phase behavior should still be captured by equation VI.23, provided a more accurate
estimate of X was available.
VI.5. SUMMARY
In this Chapter, a phenomenological free energy expression was derived for
compressible polymer mixtures. Its ability to predict phase behavior as a function of
temperature was demonstrated for homopolymer blends of 23 polymer pairs. Phase
diagrams were calculated for each of these systems, which correlate predictively with the
reported phase behaviors. In computing these phase diagrams, the following assumptions
were made:
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1. X was assumed to follow Berthelot's rule of mixture and the Hildebrand solubility
parameter formalism."
2. Pure component cohesive energy densities were obtained using group contributions
according to van Krevelen."
3. An average hard core segmental volume v = VAVB and equal coordination numbers z
were assumed for the mixed state.
4. Hard core and reduced densities of the pure components were obtained by
extrapolating experimental PVT data"3 to OK at 0 pressure (hard core state) assuming
constant thermal expansion coefficients a taken from the melt state.
Even though some of these assumptions are clearly restrictive, excellent
qualitative agreement between the predicted and observed temperature-dependent phase
diagrams was obtained, with no adjustable parameters. However, given the necessity of
reliable PVT data of the pure components, phase diagrams were calculated only for
systems for which these were available. Indeed, while Chapter IV and V made use of a
combination of GC/LF EOS calculations" to estimate PVT behavior of various
homopolymers, this formalism tends to strongly overestimate the temperature
dependence of the density and, thereby, a. This, in turn, results in erroneous phase
diagram predictions when used in the context of equation VI.23 since a small change in a
strongly affects the location of the spinodal temperature, if not the type of phase
behavior. Provided such data was available, we believe accurate phase diagrams could
be predicted for numerous additional weakly interacting polymer pairs, including
styrene/n-alkyl acrylates, as wells as PS/P(MMA-r-LMA), investigated in this thesis, and
165
countless other homopolymer/random copolymer systems. Although not attempted in
this thesis, equation VI.2 1.b and 23 should also correctly predict phase diagrams for
polymer solutions and, perhaps, small molecule systems. The success of equation VI.23
in combination with Berthelot's mixing rule in predicting phase diagrams for so many
different polymer pairs and without requiring any experimental data on the mixture is a
highly encouraging result, which contrasts with the compressible theories developed to
date. Indeed, while some of these formalisms are clearly more rigorous than the
phenomenological model proposed here, the price for this increased rigor is an apparent
loss of predictive capability.
Towards the goal of quantitative phase diagram predictions, perhaps the most
limiting assumption of the list above is that of constant thermal expansion coefficients.
While, qualitatively, the predicted phase diagrams and trends in thermodynamic
compatibility are excellent, the strong dependence of predicted spinodal temperatures on
the values of a suggests that relaxing this assumption might yield better quantitative
agreement with experimental spinodal curves. The impact of a constant a on the
extrapolated values of the hard core parameters and resulting reduced densities further
support these conclusions. A second potentially important source of deviations between
predictions and experiments is the use of simple group contribution calculations for the
evaluation of pure component cohesive energy densities. As explained in Chapter IV
(section IV. 1.1), the strong sensitivity of solubility parameter calculations on the
particular formalism chosen complicate their use as a quantitative tool.
Nevertheless, the model presented in this Chapter provides a unique tool for phase
diagram prediction that might be used for the design of new functional polymer blends
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and block copolymers. Moreover, the phenomenological model based on equation VI.23
in combination with the assumptions listed above provides a simple explanation for the
molecular origin of the LCST/LDOT in compatible polymer blends and block
copolymers. Indeed, provided X is small enough, which is achieved for polymer pairs
with similar cohesive properties, phase separation upon heating arises naturally from a
difference in free volume between the two components and its increase with increasing
temperature due to a difference in thermal expansion coefficients. While this concept
naturally emerged from most compressible theoretical treatments of polymer
thermodynamics,23 ,479 s4 -s7 , starting with the work of McMaster in 1973105, a simple
mathematical expression of it in terms of the pure component properties only is given
here for the first time.
Finally, while the model presented here in combination with Berthelot's mixing
rule successfully predicts the phase behavior of all the weakly interacting systems
considered, erroneous predictions are obtained for systems characterized by increasingly
strong specific interactions. PMMA/PVC and PMMA/PVDF were given as two
examples of such blends. It is expected that other systems involving even stronger
interactions such as H-bonding and electrostatic interactions would also be poorly
described. However, these failures point to the inadequacy of a geometric average for
cross-interaction energies, rather than a failure of the free energy expression developed in
this thesis, at capturing the thermodynamics of these systems
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CHAPTER VII: CONCLUSIONS AND FUTURE WORK
PREAMBLE
Motivation for this thesis was drawn from one main premise, namely, that current
applications of block copolymers are limited, in part because of a lack of control over
their bulk thermodynamics and, more specifically, the appearance of order/disorder
(solid-like/liquid-like) transitions. Indeed, from an application standpoint, the strong
thermodynamic incompatibility typically found for block copolymers is highly
advantageous, as it results in remarkably stable solid-like microphase separated
morphologies that are of particular interest from an engineering standpoint. However, for
melt-processing where flow is essential, the ability to access the segmentally mixed
liquid state is clearly desirable. In an attempt to address this need, this thesis focused on,
firstly, developing a better understanding of the molecular factors governing bulk
thermodynamics in block copolymers and, secondly, developing simple predictive tools
that could be used to molecularly design the behavior of new systems of commercial
interest. The main conclusions drawn in this work and their impact from a materials
science standpoint are summarized in this Chapter, along with some thoughts regarding
future work.
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VII. 1. EXPERIMENTAL STUDIES
VII.1.1. Phase behavior of PS-b-PnAMA
Preliminary studies performed in collaboration with M. Pollard and T. P. Russell
on PS-b-PBMAs2, a system previously found to display a LDOT22 76, had revealed a
unique pressure sensitivity of the ordering transition of this block copolymer. By
applying lkbar of hydrostatic pressure, its solid-like/liquid-like transition could be raised
by 150"C, an unprecedented observation of pressure effects in block copolymers.
Moreover, pressure forcing segmental mixing in this LDOT-type block copolymer
implies "baroplasticity", a property that could be highly advantageous from a processing
standpoint. Unfortunately, PS-b-PBMA, consisting of two high Tg blocks (Tg's above
typical use temperatures), is not very attractive from a commercial standpoint, since its
properties mimic those of glassy thermoplastics. However, the ability to design such
"baroplastic" behavior into more relevant block copolymers, such as those consisting of a
low Tg acrylate and a higher Tg second block, would be highly attractive.
To better understand the molecular origin of this strong pressure sensitivity, and
perhaps identify new block copolymers with similar properties, the phase behavior of a
family of diblock copolymers between styrene and a homologous series of n-alkyl
methacrylates was investigated, both as a function of temperature and pressure. The
results obtained on this family of materials, presented in Chapter III, revealed a strong
dependence of the phase behavior of these block copolymers on the degree of branching
of the methacrylate block. For very short (n = 1, MMA) and long (n > 6, HMA, OMA
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and LMA) alkyl side chains, the classical UDOT-type phase behavior of block
copolymers consisting of incompatible blocks is observed. For intermediate side chain
length (2 n 4), however, the block copolymer is miscible at low temperatures and
microphase separates upon heating through a LDOT. These results point to a strong
influence of monomer structure on the block copolymer phase behavior. Indeed, given
the chemistry involved in this family of materials, the presence of strong specific
interactions between the non-polar styrene and the polar methacrylate segment cannot be
deemed responsible for the compatibility observed for intermediate side chain lengths.
At best, modest dipole/induced dipole interactions can occur between these two
segments. Therefore, other effects, such as a fine balance between these weak
interactions and favorable packing effects between the two monomers in the segmentally
mixed state, must be invoked to explain the trend observed in these materials.
Interestingly, these effects manifest themselves quite dramatically in a systematic
variation of the influence of hydrostatic pressure on the order/disorder transition of these
materials. Indeed, for very short (n=1) and very long (n=8, 12) alkyl side chains, small
pressure coefficients for the UDOT of the block copolymer are obtained, similar to those
reported for other UDOT-type systems investigated in the literature. However, for alkyl
side chain lengths ranging from n=2 to n=6, styrene/n-alkyl methacrylate block
copolymers are characterized by unexpectedly large pressure coefficients, ranging in
magnitude from 60 to 150*C/kbar. These results, combined with those obtained as a
function of temperature, point to a distinct linkage between packing and energetics
which, for intermediate side chain lengths, is favorable to mixing at low temperatures and
leads to the LDOT.
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From an engineering standpoint, the large pressure coefficients of, not only the
three LDOT-type systems (n=2, 3, 4), but also the UDOT-type PS-b-PHMA (n=6), are
particularly interesting. Firstly, they demonstrate that UDOT-type block copolymers can
also be characterized by strong pressure sensitivity. To our knowledge, it is the first time
that pressure coefficients of this magnitude are reported for UDOT/UCST-type materials.
Secondly, in all four of these systems, pressure can be used effectively to force segmental
miscibility and, hence, liquid-like rheological properties. The ability to molecularly
engineer such pressure- and temperature-tunable thermodynamic and rheological
behavior into new systems was the subject of Chapters IV and V of this thesis.
VII.1.2 A predictive tool for the design of BCP phase behavior
VII.1.2.a GC/LF EOS calculations
In light of the systematic variation in phase behavior observed across the family
of styrene/n-alkyl methacrylate BCP's, an attempt was made to identify pure component
parameters that would correlate with these thermodynamic trends. To this end, simple
group contribution (GC) calculations were used in combination with the Sanchez-
Lacombe LF equation of state to calculate the solubility parameter (square root of the
cohesive energy density) and mass density of the corresponding homopolymers of the
various diblock copolymers investigated in Chapter III. These calculations showed that,
not only the solubility parameter, but also the density of the alkyl methacrylate
homopolymer, are closest to those of polystyrene for intermediate side chains, precisely
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the systems exhibiting the highest degree of thermodynamic compatibility and pressure
sensitivity. These calculations were further applied to a comprehensive list of well-
known miscible polymer pairs, thereby distilling a new and very simple criterion for the
design of thermodynamic compatibility in weakly interacting polymer blends: a match in
mass density.
VII. 1.2.b Molecular design of phase behavior in PS/PnAMA
The success of these simple calculations in capturing the general trends in phase
behavior for the styrene/n-alkyl methacrylate family as well as many other polymer pairs
inspired the following test of their predictive capabilities. A new styrene/methacrylate
block copolymer that would exhibit the LDOT and the strong pressure effects that ensue
was designed and synthesized, whereby the methacrylate block consisted of a random
sequence of short and long alkyl side chain methacrylates both individually immiscible
with polystyrene, and mutually immiscible, namely methyl (MMA, n=1) and lauryl
methacrylate (LMA, n=12). The particular composition of the random methacrylate
block, denoted P(MMA-r-LMA), was selected by matching its solubility parameter and
density to those of polystyrene based on the GC/LF EOS calculations. The resulting
block copolymer, denoted PS-b-P(MMA-r-LMA) and containing 53 wt% of MMA in the
methacrylate block, was indeed found to exhibit LDOT behavior, with a dramatic
pressure coefficient of 150"C/kbar! Moreover, the GC/LF EOS calculations applied to
this family of materials showed that the miscibility window for PS-b-P(MMA-r-LMA)
could be predicted quantitatively. Indeed, the calculations suggested that these
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copolymers should be miscible for weight fractions of MMA in the methacrylate block
ranging from 51 to 82 wt%. The results presented in Chapter IV showed that when the
methacrylate content is decreased from 53 to 47 wt%, the phase behavior of the block
copolymer changes from LDOT to UDOT, precisely following the trend in phase
behavior observed for the homologous series of styrene/n-alkyl methacrylates. These
results are central to this thesis since they demonstrate for the first time how the phase
behavior of new block copolymers can be designed in a predictive manner via
architectural modifications of the block segments. They further imply that the phase
behavior of these weakly interacting block copolymers is sensitive to an average
monomer structure, rather than the local details and chemical identity of the block
segments, a highly attractive concept to polymer scientists and engineers.
VII.1.3 Styrene/acrylate "baroplastic" elastomers and adhesives
The simple semi-quantitative tool for the molecular design of miscibility into
weakly interacting block copolymer melts identified in this thesis was further applied to
the design of temperature and pressure-tunable block copolymers of commercial
relevance, such as polystyrene-block-poly n-alkyl acrylates, denoted PS-b-PnAA. These
materials are highly attractive candidate thermoplastic elastomers or adhesives which can
now, for the first time, be prepared using new controlled/"living" free radical
polymerization techniques such as atom transfer radical polymerization (ATRP). The
ability to control the appearance of order/disorder (solid like/liquid-like) transitions by
molecular design of these systems was demonstrated in Chapter V.
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As expected based on the GC/LF EOS calculations applied to this new series of
materials, a trend in phase behavior similar to that observed for PS-b-PnAMA was
obtained. Hence, for short (n=l: PMA) and long side chains (n=6, 8, 12: PHA, POA and
PLA), the acrylate block is incompatible with polystyrene and the copolymer exhibits the
classical UDOT. In contrast, for n=4 (PBA), a phase diagram quite similar to that
reported for PS-b-PBMA is observed, i.e., with both UDOT and LDOT-type phase
behaviors. However, the temperature of the UDOT for equivalent molecular weights
appears to be shifted to higher temperature for the styrene/acrylate system.
Accordingly, this material as well as several PS-b-P(MA-r-LA) block
copolymers, molecularly designed in the same manner as the PS-b-P(MMA-r-LMA)
system, are all characterized by large pressure coefficients, on the order of 1 000C/kbar,
although the former only display UDOT-type phase behavior. These last experimental
results amply demonstrate how new baroplastic elastomers can be designed to exhibit
strong pressure sensitivity. Together with the results obtained for PS-b-PHMA
(dTUDOT/dP =-6 0 "C/kbar) they further confirm that UDOT-type block copolymers can
also be characterized by large pressure coefficients. From an applications standpoint, the
results presented in Chapter V demonstrate how industrially amenable synthetic routes
such as ATRP can be successfully combined with the molecular design tool identified in
this thesis to impart pressure and temperature-tunable phase behavior into new acrylic
block copolymers of commercial relevance. Given the fact that current polymer
processing technologies often involve the application of pressure on the polymer melt,
such behavior could have a direct economic impact. In the next section, this idea is
explored and a new class of true baroplastic elastomers is proposed.
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V11.1.4. "Baroplasticity" and a new class of green plastics
Based on these results, a new class of polymeric materials is proposed here, that
could be processed mainly by the application of pressure, rather than temperature,
thereby allowing them to be recycled multiply and with properties equivalent to the
virgin material. Indeed, a large drawback of today's commercial plastics based on
incompatible block copolymers such as PS-b-PI is their high viscosity in the melt due to
the stability of the microphase separated state. Consequently, processing of these
materials can only be achieved through the use of solvents, low molecular weight blocks,
or very high temperatures so that a highly fluid state is achieved. While the first avenue
is problematic from an environmental standpoint, the second results in materials with
very poor mechanical properties due to the low entanglement density of these small
polymer chains. High temperatures, on the other hand, inevitably lead to alterations of
the chemical structure, resulting in a dramatically reduced performance. Therefore,
taking advantage of the baroplastic behavior identified in this thesis would not only result
in a dramatic lowering of the processing costs but also allow for multiple recycling by
limiting the exposure of the material to high temperatures. Moreover, this could be
achieved using classical processing techniques such as compression molding, etc., since
these naturally involve the application of pressure on the polymer melt. Suggestions
regarding the types of block copolymers that would be ideal for this purpose are outlined
below.
Today's commercial elastomers based on block copolymers typically involve a
very low-Tg material as the majority component and a high-Tg block such as PS or
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PMMA as the second block. What appears unappreciated is that excellent mechanical
properties can also be achieved by choosing a second block with a Tg closer to room
temperature, yielding elastomers still suitable for many applications involving low
temperatures only. A plethora of block copolymer compositions can be readily
identified, in which one of the component blocks has a very low Tg and the second
component has a Tg above the service temperature of the material, but below 100 0C. By
further making a judicious choice of composition using the design criterion identified in
this thesis to impart a strongly pressure sensitive UDOT, UDOT+LDOT or LDOT-type
phase behavior, new materials with highly attractive rheological properties could be
designed. Indeed, at room temperature, microphase separation would impart elastomeric
properties to these copolymers. However, under the application of pressure at
temperatures hardly exceeding the Tg of the hard block, these materials could be
processed from the melt in the liquid, segmentally-mixed, state via compression molding,
for example. Such a new elastomeric block copolymer based on PBMA and PBA was
successfully synthesized using ATRP that displays excellent mechanical properties at
room temperature. While a thorough investigation of its phase behavior was not carried
out in this thesis and is suggested as future work, preliminary results indicate this
material might be the first true baroplastic elastomer, since it was successfully
compression molded at -604C under a pressure of 500 psi! It is hoped that such materials
might partly address the current needs for recyclable plastics.
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VII.2. THEORY
VII.2.1. A phenomenological compressible free energy expression
Besides their direct implication from an engineering standpoint, the systematic
trends in phase behavior with monomer structure and pure component properties revealed
in this thesis suggest that a simple free energy expression might be able to capture these
observations.
The simple design tool based on GC/LF EOS calculations identified and utilized
in this thesis successfully predicts whether or not miscibility will be encountered for a
given polymer pair. However, it does not allow one to predict the type of phase diagram
to be expected, namely LDOT/LCST versus UDOT/UCST, crucial information for the
design of new functional materials. In an attempt to address this last need, a
phenomenological free energy expression for compressible polymer mixtures was
derived in Chapter VI. Given the similarity in phase behavior for block copolymers and
the corresponding homopolymer blends, its extension to the former is straightforward and
was not discussed in this thesis. The ability of this model to qualitatively predict phase
diagrams for the homopolymer pairs investigated in this thesis and many others reported
in the literature was demonstrated.
This phenomenological free energy expression was derived in a similar fashion as
the well-known Flory-Huggins theory, assuming random mixing (mean-field
approximation). However, in deriving expressions for the changes in enthalpy and
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entropy upon mixing, the free volume of the pure components and the mixture, defined as
the difference between the total volume and the hard core (OK) volume, were accounted
for. The final expression for the change in free energy per unit volume, obtained upon
ignoring changes in volume on mixing and assuming an average hard core monomer
volume v=(vAvB)1/2 in the mixture, is given by equation VI.21.b, repeated here:
AgL = RTN ^A ln 9 v+ B B + V (RTXFH +A PB A 5B A2 B2
In predicting phase diagrams for various weakly interacting polymer pairs using
this expression, Berthelot's mixing rule and the Hildebrand solubility parameter
formalism were assumed for the evaluation of 2FH.
FH VQ4A B) 2
RT
Extrapolation of Tait-equation fits to experimental density data to zero K at P=O,
assuming constant thermal expansion coefficients a (the melt state values), was used to
extract hard core densities and segmental volumes. Finally, solubility parameters of the
pure components were obtained using GC calculations according to Van Krevelen. In
this fashion, qualitative phase diagrams could be successfully predicted for 23 polymer
pairs and this without requiring any experimental data on the mixture.
Equation VI.21.b further provides a simple molecular explanation for the
LDOT/LCST. Indeed, provided X is small enough, which is achieved for weakly
interacting polymer pairs with matching solubility parameters and densities, phase
separation upon heating at an experimentally accessible temperature arises naturally from
a difference in the thermal expansion coefficients of the two components. In contrast,
when this difference is very small or when X is large, UDOT/UCST-type phase behavior
178
is observed instead. This explanation suggests some simple molecular criteria for the
design of phase behavior of new functional polymer blends and block copolymers.
Hence, based on these considerations, the candidate baroplastic PBMA-b-PBA described
above is expected to display UDOT- rather than LDOT-type phase behavior, in analogy
to the PEMA/PEA system investigated in Chapter VI. However, such phase behavior
arises mainly from free volume effects (third term of equation VI.21.b) rather than a large
X, suggesting that strong pressure effects might be expected for these UDOT-type block
copolymers.
VII.2.2. Future work
VII.2.2.a. Pure component thermodynamic properties
As explained in the last section of Chapter VI, phase diagrams were predicted
only for systems for which accurate pure component experimental PVT data was
available. These data where then extrapolated to OK (hard core state) assuming constant
ds. However, an attractive alternative avenue to obtain the pure component
thermodynamic parameters necessary for phase diagram predictions using equation
VI.21.b might consist in molecular dynamics and energy minimization simulations.
Indeed, Choi et al."" recently reported on the use of the commercial software Cerius in
combination with the force field UNIVERSAL to simulate the density, cohesive energy
density and hard core (OK) parameters of PS and PVME. These simulated densities and
cohesive energy densities, obtained from hypothetical polymer chains of as little as 20
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segments, were found to be in good agreement with experimentally determined values as
well as those obtained from GC calculations. The advantage of such a procedure clearly
relies in its predictive nature, thereby allowing one to estimate the thermodynamic
properties of new polymers, including random copolymers of various compositions,
instead of measuring them using a PVT apparatus. Moreover, this approach might also
yield hard core state parameters with improved physical meaning in comparison with the
extrapolated values used in this thesis. The potential use of these simulations in
combination with the free energy model derived in this thesis might offer an attractive
approach for the design of phase behavior into new systems.
Alternatively, a much simpler, although less accurate and powerful, approach to
obtain the thermodynamic information necessary for phase diagram predictions using
equation VI.21.b might be the built-in group contribution-like databases of commercial
software packages such as Biosym. Indeed, certain modules of this software can be used
to predict polymer densities as a function of temperature, solubility parameters, thermal
expansion coefficients above and below the glass transition, etc."' While the values
predicted in this fashion would clearly lack the accuracy of experimentally determined
ones or those obtained from molecular dynamics simulation, these estimations might be
attractive from an engineering standpoint, serving as rough guidelines for the choice of
random copolymer compositions and chemistries for the design of new functional
polymer blends and block copolymers.
The two approaches outlined here might be particularly useful in the area of
biomaterials. Indeed, these materials mainly involve biodegradable polymers such as
lactides or glycolides, for which PVT data are currently not available in the literature.
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However, the ability to design tunable phase behaviors in these new materials has direct
implications from an applications standpoint. This is not only for processing reasons, but
also, and more importantly, because of the strong influence of blending or block
copolymerization on the biodegradable properties and lifetimes of these polymers. 172 ,1 73
VI.2.2.b. Beyond T-dependent polymer blend phase behavior
The success of equation VI.21.b (in combination with the assumptions listed
above) at capturing the qualitative trends in phase behavior for several weakly interacting
polymer pairs suggests that it might also be used to predict the phase behavior of polymer
solutions, small molecule mixtures, and perhaps even inorganic alloys. Moreover, the
compressible free energy expression derived here should also capture the effect of
pressure on polymer blend and block copolymer phase behavior. Although this was
attempted by the author, the inconclusive predictions were not incorporated in the
document. Curiously, it was found that equation VI.21.b successfully predicts a large
pressure coefficient of - 120'C/kbar for the LCST of PS/PBMA, which correlates
extremely well with the observed pressure sensitivity of this polymer pair. However,
when the same calculations are performed on blends of PS and PI, an equivalently large
and negative pressure coefficient was predicted for the UCST of this system. This is
clearly in contrast with the reported pressure dependence of PS/PI block copolymers,
which display a decrease in thermodynamic compatibility with pressure of about
20*C/kbar. The origin of this discrepancy between experiments and predictions is
unclear. However, it is important to note that the extrapolation procedure using constant
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ds used in this thesis appears to systematically overestimate the free volume term (third
term of equation VI.21.b) in comparison to the purely enthalpic X-term. While the
consequences of this error are minor for systems with matching cohesive properties, for
which ;r is small, they become serious for systems governed by unfavorable enthalpic
interactions, such as PS/PI or PS/PB. Improved predictions, both as a function of
temperature and pressure, might be obtained by taking into account the temperature
dependence of a in extracting the hard core parameters.
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APPENDIX
A.III. IRPA FITTING PARAMETERS
Table A.I: IRPA FITTING PARAMETERS FOR PS-B-PNAMA
Copolymer T range N X aMA Incoh. scatt. Scaling
CC) at 1500C (A) ine (cm') factor
19K PSd8-b-LMA 150-210 122 0.083 15 - 0.1
±1 +0.05
23K PS-b-OMA 120-200 175 0.056 12.3 ~0.35 ~0.02
±0.4 ± 0.02
28.6 K PS-b-HMA 150-215 221 0.044 10.8 -0.065 0.005
±0.5 0.001 0.0002
85K PS-b-PBMA 110-150 672 0.014 8.8 - 12.5
±0.4 +0.5
11OK PS-b-PPMA 100-175 972 0.0008 8.6 -0.068 0.0015
±0.5 ± 0.001 ± 0.0002
70K PS-b-PEMA 120-185 643 0.0156 8.3 -0.53 0.0075
± 0.5 ± 0.03 ± 0.0005
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A.IV. GROUP CONTRIBUTION/EOS CALCULATIONS
A.IV.1. Solubility parameters
The solubility parameters of the homopolymers and random copolymers
considered in this thesis were obtained according to Van Krevelen, using the group
contributions listed in reference 42. The expression for Sused includes contributions
from dispersive forces (o5), dipole/dipole (s) and hydrogen bonding (9H) interactions.
Equation A.V. 1 relates the total solubility parameter Sto these three contributions:
S = 2(A.IV.1)
The three components of (5 are given by:
Z Fd,
d = i V (A.IV.2.a)
ZF,
8 = (A.IV.2.b)
V
EH
(5H = V(A.IV.2.c)
where Fi is the contribution to dispersive forces, Fpi the contribution to polar
forces, and EHi the contribution to hydrogen bonding energy for chemical group i, and V
is the molar volume. In most cases, V was taken directly from Tables 4.5-4.7 of reference
42. For the polymers for which this values was not listed, V was calculated using the
group contributions listed in Table 4.9 of the reference. Table A.IV. 1 gives the group
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contributions Fdi, Fpi, EHi for the chemical groups most commonly encountered in vinyl
polymers, while Tables A.IV.3 through A.IV.5 give the molar volume V, calculated Sand
EOS parameters (see below) for the homopolymers considered in this thesis.
TABLE A.IV.1: SOLUBILITY PARAMETER GROUP CONTRIBUTIONS FOR THE
CHEMICAL GROUPS ENCOUNTERED IN VINYL MONOMERS.
Chemical Fda Fi EHi
group (Jfcm3 /mol) (J1 12cmImol) (J/mol)
-CH3  420 0 0
-CH2- 270 0 0
-CH- 80 0 0
-70 0 0
=CH 2  400 0 0
=CH- 200 0 0
=CK 70 0 0
1620 0 0
1430 110 0
-Cl 450 550 400
-CN 430 1100 2500
-OH 210 500 20000
-0- 100 400 3000
-CO- 290 770 2000
-COOH 530 420 10000
-COO- 390 490 7000
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A.IV.2. Specific volumes
Specific volumes were also estimated for each homopolymer using the recently
reported8 8 combination of group contribution methods and lattice fluid (LF) equation of
state model, which was described in Chapter I, section I.3.2.a. The LF Sanchez-Lacombe
equation of state in the long chain limit:
p 2+ P+ T[ln(1 - p) + p]= 0 (A.IV.3)
was solved as a function of temperature for each homopolymer using equation of state
parameters P*, T* and p* obtained from group contributions as follows:
P* = I P *, -P
T* = IT *, -T, (A.IV.4)
p* = zp*i -pO
where P,, T, and po are universal constants for all polymers (498.46 MPa, 666.95 K and
1.01947 g/cm 3 respectively) and Pi*, T* and oi* are the contributions to P*, T* and p*
for chemical group i. These contributions are listed in reference 88 and those of interest
for the homopolymers studied in this thesis are given in Table A.IV.2.
The resulting equation of state parameters for each homopolymer are listed in
Table A.IV.3 through A.IV.5, along with the molar volume V and the solubility
parameter S. Table A.IV.3 gives the values for polystyrene and the series of n-alkyl
methacrylates investigated in Chapters III and IV, Table A.IV.4 those for other systems
discussed but not investigated experimentally in this thesis, while Table A.IV.5 gives the
values for the series of n-alkyl acrylates discussed in Chapter V.
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TABLE A.IV.2: GROUP CONTRIBUTIONS TO THE LF EOS PARAMETERS
Chemical Ti* Pi*
Note that for the long alkyl side chain methacrylates and acrylates (n > 6), the
EOS parameters as calculated from the GC listed in Table A.IV.2 yielded unrealistically
low densities compared to those reported in the literature for some of these polymers.
8 3,12 9
In fact, it was found that treating these highly branched methacrylate repeat units as
consisting of x units of MMA and (1-x) units of poly(ehtylene) (linear alkyl side chain),
resulted in EOS parameters yielding more reasonable densities. For example, hexyl
187
Group
CH 3
CH 2
CH
C
CH=CH
ACH
ACCH
-COO-
CH 30
CH20
CH 2C1
CHCI
CF 2
CHCN
(K)
-18.08
-7.65
70.40
97.41
-129.64
-114.89
674.27
-76.38
-72.69
-8.14
-76.21
61.71
-24.47
193.71
(MPA)
-105.41
-29.67
-36.29
82.23
-6.11
-17.51
1.24
168.96
-70.50
7.89
-2.06
-46.78
-59.23
76.22
p0*
(g/cm3)
-200.69
-46.65
16.94
136.60
63.84
-18.53
223.28
363.43
110.24
182.84
257.75
491.19
614.27
257.19
methacrylate can be decomposed into one unit of MMA and 2.5 units of PE (5 CH2),
yielding x = 1/3.5. Each EOS parameter is then calculated as a molar average of the
respective parameters of PMMA and PE, i.e:
X *PHM, = xX *PMMA (1--x)X *PE (A.IV.5)
except for the hard core density, as explained in section A.IV.3 below.
The alternative EOS parameters obtained in this manner are listed in bold in Table
A.IV.3 and A.IV.5 while those obtained by simply summing the GC of the groups present
in the methacrylate repeat unit are in italic. The former were used in this thesis.
TABLE A.IV.3: EOS PARAMETERS AND
homopolymer Vm 6
(cm 3/mol) (J1/2/cm3/2)
PS 98 18.19
PMMA 86.5 19.65
PEMA 102.4 19.00
PPMA 118.7 18.75
PBMA 135 18.32
PHMA 169.1 17.89
POMA
PLMA
204.2
273.8
17.45
16.94
6FOR
T*
(K)
759
644
636
628
621
606
649
591
649.5
560
650
ALKYL METHACRYLATES
P* p*
(MPa) (g/cm 3)
373 1.103
500 1.272
470 1.225
440 1.171
411 1.131
351 1.028
449 1.02
292 0.945
445 0.999
173 0.760
440 0.976
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TABLE A.IV.4: EOS PARAMETERS AND SFOR MISCELLANEOUS POLYMERS
Homopolymer Vm S T* P* p*
(cm3/mol (Jm/cmm) (K) (MPa) (g/cm3)
PCHA
PCHMA
PVME
PVEE
PIBVE
PPO
PE
PP
PIB
PB
PI
PC
PCL
PVC
PVF2
PEO
PAN
PMAN
PMAnh
70.6
152.8
59
76
107.6
102
32.8
49.5
66.8
60
76
254
114
45.1
38.9
48.1
63.76
60.12
18.2
18.7
18.5
17.2
16.55
18.8
16.5
15.5
15.57
15.7
16.2
19.47
19.66
21.73
21.3
28.94
24.66
26.15
685
697a
657
703
621
739
652
712
721
522
610 b
801
621c
721
635
651
853
862
408
426a
353
325
143
517
430
318
331
424
456b
371
388C
413
401
468
536
692
1.137
1.178a
1.1
1.00
0.908
1.156
0.930
0.890
0.908
0.990
0.965 b
0.98
0.96C
1.464
1.587
1.156
1.230
1.500
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a parameters from reference 83, not calculated with the GC.
b parameters from reference 168 for 1,4 PB, compared to those calculated with the GC.
C: parameters from reference 168 for 1,4 PI, compared to those calculated with the GC
TABLE A.IV.5: EOS PARAMETERS AND 8FOR ALKYL ACRYLATES
homopolymer Vm 6 T* P* p*
(cm 3/mol (J1/2/cm3/2) (K) (MPa) (g/cm 3)
PMA 70.6 20.43 635 487 1.252
PEA 89.4 19.56 628 457 1.206
PPA 103.37 19.00 619 423 1.160
PBA 119.74 18.60 612 398 1.112
PHA 152.48 18.09 597 339 1.019
646 445 1.016
POA 185.22 17.77 582 279 0.933
647 442 0.995
PLA 250.7 17.4 551 160 0.746
649 438 0.973
A.IV.3. Sand vspec for random copolymers
Solubility parameters and specific volumes where also calculated for the random
copolymers considered in this thesis. For , essentially the same procedure as that
described for homopolymers was followed. In each case, an equivalent copolymer repeat
unit was defined, containing x mol % of monomer A and (1 -x) of monomer B and
equations A.IV.2 a-c for copolymers thus become:
x* (Z Fd )+(1-x)* (Z Fd)
(A TV 'a )-
Ud =
(5=
X*VA +(1-x)V
(A.IV.5.b)
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x*(YF )+(1-x)*(ZF)
X*V+A (1-x)*VB
. .
.
x*( E,)+(1-x)*(E,)
j ( ) =E(A.IV.5.c)
H 
-x * VA +(1- X) *VB
where i and j are used as summation indexes for the chemical groups present in monomer
A and B respectively.
Similar molar averages where employed to calculate P* and T*, namely:
P*=XPA *+(1-x)PB* (A.IV.6.a)
T*=xT *+(1-x)TB -(A.V.6.b)
However, for p* which has units of g/cm 3 (close packed density), an average weighted by
mass fraction rather than molar fraction was found to yield more realistic specific
volumes, namely:
p*= (A.IV.7)
MA MB
PA* PB
instead of p* = xpA*+(1-X)PB
Figure A.IV. 1 shows the calculated specific volume of two styrene/acrylonitrile
(SAN) copolymers containg 15 and 70 wt% AN respectively and for which data is
available in the literature (see 83 and references therein). The calculated vspec using a
molar and a mass average for p* are both shown. Clearly, the agreement between the
experimental values and those calculated using a mass average is superior. Equations
A.IV.6.a and b were thus used in combination with equation A.IV.7 to calculate specific
volumes of the random copolymers invetigated in this thesis.
191
01.2
1.15
1.1
1.05
0.95
0.9
0.85
0.8 100 120 140 160 180 200
T C)
Figure A.IV. 1: Calculated and measured vspec as a function of temperature for two SAN
random copolymers containing 15 and 70 wt% AN respectively.
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A.VI. COMPRESSIBLE FREE ENERGY EXPRESSION
A.VI.1. Phenomenological van der Waals EOS and ASmix
An expression for the change in configurational entropy upon mixing of a
compressible mixture similar to that derived in section VI. 1 can be obtained using a
phenomenological van der Waals EOS:
(A.VI.1)
where a has units of (12atm/mol), i.e. (cm 3J/mol) and b has units of (1/mol) or (cm 3/mol).
In the vdw EOS formalism, the entropy S and internal energy E are given by:
a
(A.VI.2)
S = Rln( jbb
Indeed, G, the Gibbs free energy, is E + PV - TS and the EOS is obtained by
aG
minimizing G with respect to volume V ( = 0):
av T,P
a = a [ + PV - RTIn Vb
av V- V b
( + P)(V - b) = RT
and equation A.IV. 1 is recovered.
a +P-RT
V2
b
V-b
(A.VI.3)
(A.VI.4)
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b
P + (V - b) = R T
Applying this formalism to a compressible polymer mixture, and equating b to the
hard core volume Vhc,i= niNivi, the configurational entropy of the pure components is
given by:
Spure = S+SB = R nA ln( ^A +nB I l BL bA ) kbB )
-[ (VA-nANv VB BNB B
L nANAVA nBNBVB
TT C\(A.V)I.)
Likewise, the configurational entropy of the mixture in the vdw EOS formalism is
given by:
S Mixt = Smixt + SBxt = R nAln(
while AS nix = SPureSni"x is given by:
AS,, IR = nA n(V-n N-vmixA -nBNBVB +
VA- nNA AA
V-nANvA 
-nBNBVB V-nANAvA -nBN
n ANAv nB BVB
nBln V-nANAVA -nBNBVB
VB- nB RB
or, making use of the definitions of reduced densities given by equations VI.5 and VI.6,
ASmix/ n(1 - y)V 
(013pA)VA -I
(1 - )V
(1 - B)VB
which is precisely equation A.VI.9.
A.VI.2. AEix: details of derivation of equation VI.21
The expression for the internal energy derived in Chapter VI (equation VI. 18):
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(A.VI.6)
(A.VI.7)
(A.V.8)
AEix = nANA (RTXFH )P +I[nANAZe(p - pA)+nBNB ZBB AVB )
2
can be further simplified and expressed in terms of the pure component properties as:
AE,, x/V ~nNfB (kTFH),3 +±i ABC A ~~B (5A2 -6B2 (A.VI. 10)
V 2
The derivations leading to the latter expression are given below.
The reduced density , of the mixture is given by:
nANAvA+nBNBVB nANAVA V nBNBVB VB
VA+VB+AVmx VA VA+VB+ AVmix VB VA +VB AVmx
(A.VI.11)
_~ VA VB
VA +VB+ A Vm VA +VB+ AV,~
However, given the magnitude of AVmix (AVmix/V - 10-4), the terms in brackets can
be approximated to first order (Taylor expansion around AVmix = 0) as:
V$ - 1 [ - '" (A. VI. 12)
V B+AVix L _ V
as shown in Chapter VI, section VI. 1.
Hence,
1- m"x ($A3 +BpB) (A.VI. 13)
where V is equal to VA+VB, and
(3 - p3A ($A - 1),A+$ OB V ]iAOA B IB
(A.VI. 14.a)
FAV. _ AV 1
#BPPALV V]P
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Likewise,
f~ \ F AVm 1 AVmx(p-B) A B A)l v j vJ 5B (A.VI.14.b)
Inserting those expressions into the second term of the right hand side of equation A.VI.9
yields:
I nANAZ E6A - pA) +nBNB ZBB(3 - PB2 (A.VI. 15)
2 iV nNZ8B~nNZ&A+em
where term2 is directly proportional to AVmix/V and will be kept as "term2" for now.
However, since # = , equation A.VI.15 reads:
{[fANA Z8c -i 3A)+ nBNBz6BA(, -JPBYI term2
1 N.zeIAV ia3nN KBBBB~2
1~  AV A nBN B VA vB (A.V. 16)
~-PA-PB ~ L BPAA2 A AV V p B pB
I(3A lB mn ANAnBNB VAVB PBZBB PAZ EA
2 V V )p APB .B VA
The final expression of equation A.IV. 16 can now be expressed in terms of the pure
components solubility parameters. Indeed, as shown in Chapter IV (section IV.3. 1,
equation IV.11)
9.2 I ze p (A.VI.17)
' 2 Mu
when ej is defined as the negative nearest neighbor molar attractive interaction energy.
Since
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= - -- = pA ,A
M p M vi
the expression for t2 reads:
2 = 1 zs
2 vi
(A.VI.18)
(A.VI. 19)
which is exactly the argument inside the brackets in equation (A.VI. 16) and thus,
nNAze - PA)+ nBNBBB - B] term22
x- nNAnBNB VAB 2 _B27AV V )A BpApB)
which, upon dividing by the total volume of the system, becomes:
1 1 nANA s - #A zeA + 1 nBNB- B BB A - PB{O AV [s 2 2]+ term2V
V (2 2A.
(A.VI.20)
In equation A.VI.20, term2/V is in turn given by:
1 AV"j [nANApA )zEA + nBNB (B )ZBB] [AA 4A2 + BYB B2
2V V V
(A.VI.2 1)
and its sign only depends on the sign of AVmix since the term inside the brackets is always
positive. Thus, it tends to stabilize the mixture when AVmix < 0.
The total change in internal energy upon mixing thus reads:
AEm,,, i/V nNA f (RTXFH A A B(A B2J AV [AA ±+B BgB2]
(A.VI.22)
In the final expression for AGmix given in equation VI.21 of Chapter VI, the third
term has been omitted since it scales directly as AVmi/V and (1-AVmi/V) has been further
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approximated as 1. In this manner, phase diagrams could be predicted without requiring
any experimental data on the PVT properties of the mixture.
A.VI.3. Pure component properties for phase diagram predictions
Table A.VI. I summarizes the values of the different pure component parameters
that were used in computing the phase diagrams presented in section VI.4. These
parameters are: the thermal expansion coefficient a, (melt-state value), the extrapolated
(OK) hard core density p,*, the solubility parameter at 25'C obtained from GC, the hard
core cohesive energy density 4, , and the hard core segmental volume vi. The repeat unit
molecular weight of each homopolymer is also given.
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TABLE A.VI.1: PARAMETERS USED FOR PHASE DIAGRAM PREDICTIONS
homopolymer
PS
PaMS
PMMA
PEMA
PBMA
POMA
PLMA
PCHMA
PVME
PEA
PB
PI
PIB
P(E-r-B)66
P(E-r-B)97
PCL
PC
PEO
SAN6
SAN18
SAN40
PVC
p*
(g/cm 3)
1.24
1.33
1.42
1.42
1.32
1.15
1.14
1.36
1.25
1.39
1.06
1.09
1.08
1.14
1.06
1.32
1.50
1.38
1.28
1.30
1.31
1.79
a: solubility parameters determined from PVT data by Krishnamoorti et al.58
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MU va
(104 K-)
5.13
5.76
5.48
7.47
7.38
5.8
6.8
6.24
6.65
7.24
5.67
6.51
5.65
7.1
6.78
6.39
6.21
7.09
5.92
5.6
5.16
7.40
c4298)
(J112/cm3 2)
18.19
18.50
19.65
19.00
18.30
17.45
16.94
18.70
18.50
19.56
16.20
16.40
18.50a
18.71a
18.1 0a
19.66
19.47
21.30
18.6
19.51
21.57
21.73
32
( 1 2/cm3 2)
385.54
406.34
454.62
450.98
417.27
361.95
351.42
421.15
417.30
474.73
310.84
326.54
405.02
432.09
400.96
467.62
456.14
560.38
412.71
450.23
542.60
588.69
(g/mol)
104
116
100
114
142
198
254
168
58
100
54
68
56
56
56
114
254
44
98
88.65
75
63
(cm 3/mol)
83.96
86.88
70.42
80.09
107.46
171.67
221.85
123.48
46.36
71.85
50.98
62.62
51.59
49.21
52.82
86.64
168.85
31.79
76.65
68.05
57.40
35.09
I
A.VI.4. Total change in entropy upon mixing ASmix,tot
The expression derived for the change in entropy upon mixing (equation VI. 10)
only includes a change in configurational entropy. However, the total entropy of mixing
is readily obtained by taking the derivative of the total change in free energy with respect
to temperature. Assuming constant ds and volume fractions, and using equation VI.21.b
(repeated here):
Agix = RT ^^ In 9A + IB B O ABA B A B
, 
2 +A B [(A B )(A2 B[NAVA NBvB
(VI.2 1.b)
the following expression for the entropy of mixing per unit volume is obtained:
As aAgmj,Mix,tot
aT O'aT
= - (-aT g ^ nW)+ -a B B { B A B OA OB JA B A(5 ,, 2
NAv NB B-
A )BB~ A A A gB2 + A OB [A B 2 ~BB21
(A.VI 23)
while the change in enthalpy upon mixing per unit volume is given by:
Ah,,x = Ag,,x + TAs,,x= Ag,,x - T '"gmi (A.VI.24)
An expression entirely similar to equation A.VI.23 can also be obtained for the
second derivative of the total change in entropy upon mixing with respect to composition,
sotot.
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